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FORWARD 


This  is  the  eleventh  consecutive  year  in  which 
the  Collected  Reprints  of  NOAA's  Atlantic  Oceanographic 
and  Meteorological  Laboratories  have  been  published  for 
distribution  to  the  libraries  of  scientific  institu- 
tions here  and  abroad.   The  series  provides  a  single 
reference  source  for  articles  by  AOML  personnel  that 
have  appeared  in  a  broad  spectrum  of  scientific  and 
technical  publications. 

The  Atlantic  Oceanographic  and  Meteorological 
Laboratories  conduct  research  programs  in  the  areas 
of  physical,  chemical,  and  geological  oceanography, 
sea-air  interaction,  and  marine  acoustics.   The  1977 
edition  presents  the  papers  published  in  that  year 
plus  a  few  that  were  published  in  1976  but  were  not 
available  for  inclusion  in  that  year's  volume.   The 
papers  are  arranged  in  alphabetical  order  by  first 
author  within  each  of  five  groups: 

Office  of  the  Director 

Physical  Oceanography  Laboratory 

Marine  Geology  and  Geophysics  Laboratory 

Sea-Air  Interaction  Laboratory 

Ocean  Chemistry  Laboratory 

It  is  hoped  that  those  recipients  with  whom  we 
do  not  already  have  an  exchange  arrangement  would  add 
the  AOML  Library  to  the  distribution  list  for  any 
relevant  publications  from  their  institution. 


Harris  B.  Stewart,  Jr. 

Director 

Atlantic  Oceanographic 

and  Meteorological 

Laboratories 
15  Rickenbacker  Causeway 
Virginia  Key,  Florida  33149 
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Pore-Water  Pressure  Measurements: 
Mississippi  Delta 
Submarine  Sediments 


RICHARD  H.  BENNETT* 


Abstract  A  pore-water  pressure  probe  (piezometer)  was  im- 
planted in  Mississippi  delta  sediments  at  a  preselected  site  (Block 
28,  South  Pass  area,  29°00'N,  89°15'W)  145  m  from  an  offshore 
production  platform  (water  depth  approx.  19  m)  in  September 
1975.  Total  pore-water  pressures  {uu,)  were  monitored  for  ex- 
tended periods  of  time  at  depths  of  approximately  15  and  8  m 
below  the  mudline  concurrently  with  hydrostatic  pressures  (m.) 
measured  at  depths  of  15  m  and  approximately  1  m  below  the 
mudline.  Relatively  high  excess  pore-water  pressures,  Ue  =  {u^  — 
M,),  were  recorded  at  the  time  of  probe  insertion  measuring  99 
kPa  (14.4  psi)  at  15  m  and  50  kPa  (7.3  psi)  at  8  m.  Six  hours 
after  the  probe  was  implanted,  excess  pore  pressures  were  still  high 
at  81  kPa  (11.8  psi,  15  m)  and  37  kPa  (5.4  psi,  8  m).  Pore  pres- 
sures appeared  to  become  relatively  constant  at  the  8-m  depth  after 
7  h  had  elapsed,  and  at  the  15  m  depth  after  10-12  h.  Excess 
pore-water  pressures  averaged  72  kPa  (10.4  psi,  15  m)  and  32 
kPa  (4.6  psi,  8  m)  prior  to  the  initial  effects  of  Hurricane  Eloise, 
which  passed  in  close  proximity  to  the  probe  site.  Significant  varia- 
tions in  pressures  were  recorded  during  storm  activity.  As  the 
effects  of  the  storm  subsided,  excess  pore-water  pressures  began 
to  decline  slightly  at  the  15-m  depth;  however,  concurrently  at  the 
8-m  depth,  pore  pressures  began  to  increase  gradually.  During  the 
period  of  21-25  days  after  the  probe  was  implanted,  excess  pore 
pressures  appeared  to  become  more  constant,  averaging  24  kPa 
(3.5  psi)  at  15  m  and  43  kPa  (6.2  psi)  at  the  8-m  depth.  The 
presence  of  methane,  a  common  occurrence  in  these  delta  muds, 
may  have  influenced,  or  contributed  to,  the  total  pore-water  pres- 
sures measured  during  this  experiment. 
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Oonoral      Study      Area. 
Figure  1.     General  piezometer  location  in  Block  28. 

Introduction 

The  tiation's  increasing  demands  for  natural  resources — particularly 
petroleum — ^have  led  to  steadily  increasing  offshore  activity.  In  response  to 
the  ever-increasing  demands  for  energy,  engineers  are  constantly  faced 
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with  the  problems  of  placing  structures  on  and  within  the  seafloor,  the  safety 
of  these  structures  in  the  environment,  and  the  potential  effects  of  offshore 
activities  on  the  marine  environment.  Studies  of  the  geological  processes 
unique  to  a  specific  environment  are  prerequisite  to  the  understanding  of 
important  engineering  factors  relative  to  seafloor  sediment  stability,  specifi- 
cally the  assessment  of  potentially  unstable  areas  and  the  potential  forces 
related  to  mass  movement.  Once  the  geological  processes  have  been  eluci- 
dated for  a  given  environment,  and  the  important  factors  of  sediment 
stability  evaluated  (potential  stability-instability  and  forces),  the  engineer 
can  design  offshore  structures  with  confidence  and  prepare  for  their  em- 
placement in  order  to  meet  the  predicted  environmental  conditions. 

This  study  of  Mississippi  delta  sediment  pore-water  pressures  is  directed 
toward  the  delineation  and  understanding  of  important  processes  related 
to  submarine  sediment  stability.  Engineers  have  known  for  decades  that 
pore-water  pressures  are  an  important  geotechnical  consideration  in  assess- 
ing sedimentary  deposits.  The  first  reported  attempt  to  measure  pore  pres- 
sure in  submarine  sediments  was  made  by  Lai  et  al.  (1968)  and  Richards 
et  al.  (1975).  Recently,  Sangrey  (1976)  stressed  the  importance  of  ob- 
taining sediment  pore-pressure  measurements  in  order  to  make  accurate 
predictions  of  offshore  soil  conditions  and  to  improve  offshore  geotechnical 
engineering  significantly  through  the  use  of  effective  stress  methods.  Specifi- 
cally, this  investigation  was  designed  to  measure  and  continuously  monitor 
not  only  pore  water  and  nydrostatic  pressures  at  selected  depths  below  the 
mudline  (Block  28,  Figure  1),  but  to  monitor  significant  pressure  pertur- 
bations during  active  storm  periods  as  well  (Bennett  et  al.,  1976). 

The  Mississippi  delta  is  a  very  dynamic  region  characterized  by  the  inter- 
action of  riverine  and  marine  processes  and  the  large  discharge  of  bedload 
and  suspended  sediment.  Large  plumes  of  sediment  extend  considerable 
distances  beyond  the  subaerially  exposed  delta,  depositing  vast  quantities 
of  silt  and  clay  in  the  prodelta  environment.  This  environment  is  charac- 
terized not  only  by  the  rapid  deposition  of  fine-grained  sediment  having 
very  high  water  content,  but  also  by  the  accumulation  of  organic  material 
(Coleman  et  al.,  1974).  Methane  and  carbon  dioxide  gases,  intimately 
related  to  decomposition  of  the  organic  material,  influence  substantial  por- 
tions of  the  Mississippi  delta  submarine  sediments  (Whelan  et  al.,  1975). 

Knowledge  of  the  sediment  geotechnical  properties  in  this  complex  and 
dynamic  environment  is  of  great  importance,  not  only  to  engineers  faced 
with  the  design  and  construction  of  offshore  structures,  but  also  to  geolo- 
gists investigating  sedimentological  processes  that  relate  to  diagenesis,  envi- 
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Figure  2.  Diagrammatic  sketch  of  relative  positions  of  probe,  platform,  and 
instrument  house. 

ronments  of  deposition,  mass  movement,  and  sediment  stability  (Morelock 
and  Bryant,  1966;  Keller  and  Bennett,  1968;  Bennett  and  Bryant,  1973; 
Bennett  et  al.,  1977).  Investigation  of  pore-water  pressures  in  the  Mis- 
sissippi delta  will  provide  valuable  insight  into  sedimentological  processes 
and  aid  in  the  understanding  of  other  related  geotechnical  properties  and 
the  behavior  of  these  prodelta  fine-grained  cohesive  sediments  in  response 
to  static  and  dynamic  loads.  Recently,  Suhayda  et  al.  (1976)  made  an 
important  contribution  to  the  understanding  of  hydrodynamic  forces  and 
bottom  sediment  interaction  in  a  selected  area  of  the  Mississippi  delta. 
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The  pore-pressure  data  discussed  in  this  article  cover  a  period  from 
September  19  to  October  15,  1975,  during  which  time  Hurricane  Eloise 
passed  in  close  proximity  to  the  probe  site.  Data  gathered  subsequent  to 
October  15  until  termination  of  the  experiment  in  March  1976,  are  meager, 
and  were  recorded  at  irregular  intervals.  Instrument  (primarily  recorder) 
malfunctions  and  difficulties  in  maintaining  the  offshore  electronics  system, 
and  data  acquisition  generally,  increased  the  problems  in  obtaining  long- 
term,  continuous  pore-pressure  data. 

Instrumentation 

The  NOAA  piezometer  and  electronics  system  consisted  of  the  following 
components: 

1.  Probe  and  sensing  units  (variable  reluctance  pressure  transducers) 

2.  Signal  conducting  cables 

3.  Signal  conditioners 

4.  Voltage  and  frequency  regulator 

5.  Recorder  (four-pen  strip  chart,  ink  type) 

The  probe  was  a  0.10-m  O.D.  steel  pipe  with  a  total  length  of  17.1  m.  The 
pressure  transducers  were  placed  at  selected  distances  in  the  pipe,  enclosed 
within  oil-filled  capsules  for  protection.  Transducers  were  connected  to 
the  appropriate  pressure  ports  with  short  tubing  within  the  capsules.  A 
weight  stand  was  mounted  to  the  top  of  the  probe  on  steel  gusset  plates 
and  was  fastened  to  the  pipe  with  two  steel  pins.  The  probe  assembly  was 
lowered  into  the  seafloor  by  a  steel  cable  fastened  to  the  top  of  the  weight 
stand,  which  was  removed  immediately  after  the  piezometer  was  implanted. 
Two  pressure  transducers  placed  in  the  probe  at  selected  intervals  measured 
pore-water  pressure  transmitted  through  porous  corundum  stones,  and  two 
pressure  transducers  measured  hydrostatic  pressure  (Figure  2).  Signals 
from  each  transducer  were  transmitted  through  a  conducting  cable  to  * 
signal  conditioners  and  electronic  filtering  systems  prior  to  being  recorded 
on  a  strip-chart  recorder.  Details  of  the  system,  field  operations,  and 
piezometer  calibration  are  discussed  by  Bennett  et  al.  (1976). 

During  probe  deployment  and  prior  to  sediment  penetration,  a  check  on 
the  system  was  made  by  observing  virtually  similar  pressure  readings  re- 
corded for  transducers  3  and  4,  located  at  the  same  position  in  the  probe 
(Figure  2).  Following  stabilization  of  the  electronic  system,  the  difference 
in  values  recorded  for  transducers  1  and  3  (Figure  2)  measuring  hydro- 
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Figure  3.     Sediment  pore-water  pressure  probe  and  weight  stand. 

static  pressures  agreed  well  with  theoretical  values  calculated  from  the 
density  of  seawater  (1.024  Mg/m^). 

The  probe  was  implanted  in  Block  28,  South  Pass  area,  slightly  south 
of  29°00'N,  89°15'W  approximately  145  m  from  the  platform  where  the 
recorder  and  signal  conditioner  units  were  installed  in  an  instrument  house 
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( Figure  1 ) .  Deployment  was  carried  out  aboard  the  Texas  A&M  Univer- 
sity Ship  R/V  Gyre.  During  a  4-h  period  after  the  probe  was  implanted, 
no  piezometer  readings  were  recorded  while  the  electronic  instruments 
were  being  installed  on  the  platform  (Figure  3).  The  probe  was  implanted 
only  a  few  days  prior  to  the  passage  of  Hurricane  Eloise  near  the  site. 

Discussion 

Hydrostatic  pressures  (»«)  were  measured  at  depths  of  approximately 
1  and  15  m  (actual  mudline  difficult  to  determine)  below  the  mudline 
concurrently  with  the  measurement  of  pore-water  pressures  (u,^)  at  depths 
of  8  and  15  m  (Figure  2).  When  the  sediment  pore-water  pressure  exceeds 
the  hydrostatic  pressure  {u,c  >  Wg)  at  an  equivalent  depth  below  the  mud- 
line, the  difference  is  expressed  as  excess  pore-water  pressure  Ue  —  {Uu,  — 
Wg).  In  order  to  compare  the  pore-water  pressures  measured  at  the  8-m 
depth  with  hydrostatic  pressure,  a  value  of  68.9  kPa  (10  psi)  was  added 
to  pressure  transducer  #1  values  for  direct  comparison  with  #2  transducer 
readings.  Pore-water  pressure  is  considered  in  equilibrium  with  the  hydro- 
static pressure  when  the  two  are  equal  («»  =  m,„).  Factors  responsible  for 
pore-water  disequilibrium  in  sediments  under  certain  geological  conditions 
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Figure  5.  Track  of  Hurricane  Eloise  through  the  northern  Gulf  of  Mexico 
and  approximate  lateral  extent  of  the  storm. 

are  discussed  by  Bennett  et  al.  (1976).  Piezometer  data  discussed  in  the 
remainder  of  this  article  are  presented  in  terms  of  excess  pore-water 
pressure  (Me). 

Relatively  high  excess  pore-water  pressures  of  99  kPa  (14.4  psi)  and 
50  kPa  (7.3  psi)  at  depths  of  15  and  8  m  below  the  mudline,  respectively, 
were  measured  at  the  time  of  probe  insertion.  As  expected,  these  high 
pressures  dissipated  toward  a  static  condition  following  a  typical  log-time 
consolidation  relationship  for  the  8-m  depth  measurements,  but  were  some- 
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what  irregular  for  the  15-m  readings.  Minor  significance  can  be  attributed 
to  the  initial  readings  owing  to  the  stabiHzation  of  the  electronic  system, 
including  temperature  equilibration  of  the  pressure  transducers.  Six  hours 
after  the  probe  was  implanted,  excess  pore  pressures  were  still  high  at  81 
kPa  (11.8  psi,  15  m)  and  37  kPa  (5.4  psi,  8  m).  They  appeared  to  become 
relatively  constant  after  approximately  7  h  at  8  m  and  10-12  h  at  15  m. 
However,  excess  pore  pressures  began  to  decline  again  at  the  15-m  depth 
just  prior  to  the  initial  effects  of  Hurricane  Eloise.  Examination  of  excess 
pore  pressure  versus  time  plots  reveals  that  the  decline  in  excess  pore  pres- 
sures was  much  more  dramatic  at  the  15-m  depth  compared  to  the  8-m 
depth  (Figure  4).  Excess  pore  pressures  averaged  72  kPa  (10.4  psi,  15  m) 
and  32  kPa  (4.6  psi,  8  m)  prior  to  the  initial  effects  of  the  hurricane, 
which  passed  in  close  proximity  to  the  probe  site  (Figure  5). 

Independently  measured  hydrostatic  and  pore-water  pressures  showed 
significant  variations  during  storm  activity.  Figure  5  indicates  the  Julian 
Days  in  September  during  which  time  Hurricane  Eloise  passed  through 
the  Gulf  of  Mexico.  Only  a  slight  degree  of  activity  attributable  to  the 
approaching  storm  was  sensed  by  the  hydrostatic  transducers,  #1  and  #3, 
beginning  about  0300  on  day  264.  Essentially  no  activity  was  indicated  at 
this  time  in  transducers  #2  and  #4,  which  measured  pore-water  pressures. 
Increased  wave  activity  was  recorded  by  the  hydrostatic  transducers  follow- 
ing the  time  of  about  0500-0600  on  day  265,  and  maximum  pressure 
variations  ranged  from  13.8  to  20.7  kPa  (2.0-2.5  psi),  equivalent  to  ap- 
proximately 1.68  m  (5.5  ft)  of  seawater  at  a  density  of  1.024  Mg/m''.  At 
this  time,  the  center  of  the  hurricane  was  south  of  the  probe  site  and  moving 
northwesterly  toward  the  delta  (Figure  5).  All  four  pressure  sensors  were 
responding  to  storm  activity  between  0800  and  0900  h  on  day  265,  but 
only  a  minor  response  was  indicated  by  transducer  #2  intermittently  until 
2015  h,  at  which  time  transducer  #2  became  very  active  in  response  to  wave 
activity.  Very  intense  activity  was  recorded  by  all  transducers  between  the 
period  of  1200  to  about  2300  on  day  265,  at  which  time  the  hurricane 
was  sited  south  of  the  probe  site  and  moving  in  a  northeasterly  direction 
(Figures  4  and  5).  During  this  intense  storm  period,  transducers  1  and  3 
measured  maximum  pressure  variations  of  28  kPa  (4.0  psi)  and  24  kPa 
(3.5  psi),  respectively,  and  transducers  2  and  4  measured  maximum  pres- 
sure variations  of  14  kPa  (2  psi). 

It  is  important  to  note  that  maximum  pore-pressure  variations  recorded 
by  transducers  2  and  4  were  approximately  one-half  the  pressure  variations 
recorded  by  the  hydrostatic  transducers  1  and  3.  This  may  reflect  a  type 
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of  "dampening"  effect  or  energy  loss  through  the  sedimentary  column,  or 
a  hydrostatic  time  lag  in  the  transmission  of  the  dynamic  pore  pressures. 
Of  interest,  too,  is  the  apparent  "lag"  of  transducer  #2  recorded  pressures 
behind  the  other  transducers.  This  may  be  the  result  of  differences  in 
methane  with  sediment  depth  and  the  response  of  these  gaseous  sediments 
to  dynamic  loads. 

Submarine  sediments  rich  in  methane  exhibit  considerable  core  expan- 
sion upon  retrieval  as  a  result  of  the  change  from  in  situ  pressure  to  ambi- 
ent pressure  at  sea  level.  Obviously,  such  important  factors  as  the  total 
amount  of  methane  (gaseous  or  dissolved  phases,  or  both)  present  in  situ, 
and  the  total  pressure,  will  affect  the  degree  to  which  core  expansion  will 
occur.  Borehole  data  and  megascopic  examination  of  cores  demonstrated 
a  significant  increase  in  core  expansion  below  6  m,  and  considerable  expan- 
sion was  observed  in  cores  retrieved  below  depths  of  about  15  m  (Dunlap, 
persona!  communication,  1976).  The  relatively  large  perturbation  in  excess 
pore  pressure  observed  during  intense  storm  activity  at  the  15-m  depth 
compared  to  the  relatively  low  pore-pressure  response  at  the  8-m  depth 

Table  1. 

Piezometer  Response  During  Storm  Activity 


Hours 

Maximum  Range  Indicated  and 

Equivalent  Meters  of 

Seawater* 

Pore  Pressure 

Hydrostatic  Pre 

Trans- 
ducer     kPa 

ssure 

Days 

Trans- 
ducer     kPa        psi        m 

psi       m 

264 

0300 

—          —        —        — 

#1         6.9 

^3         6.9 

1.0  0.7 
1.0      0.7 

265 

0500-0600 

—          —        —        — 

#1       17.2 
#3       17.2 

2.5  1.7 
2.5       1.7 

265 

0800-0900 

#2     Minor  Minor     — 
#4        6.9       1.0      0.7 

#1       17.2 
#3       17.2 

2.5  1.7 
2.5       1.7 

265 

0900-1200 

Increasing  activity 

Increasing  activity 

265 

1200-2300 

#4       13.8       2.0       1.4 

#1       27.6 
#3       24.1 

4.0  2.7 
3.5       2.4 

265 

2015 

■     #2       13.8       2.0       1.4 

265 

2300 

Storm  began  to  subside 

between  2300  on  da 

y  265  and 

about  0300  on  day  266,  as  indicated  by  the  pressure  sensors. 

266      —  Effects  of  the  storm  were  essentially  complete  toward 

close  of  day  266. 

'Equivalent  meters  of  seawater  based  on  a  density  of  1.024  Mg/m'  (63.9  lb/ft"). 
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may  also  be  related  to  the  methane  concentration  with  depth  in  these 
sediments  (Figure  4). 

The  efifects  of  the  storm  activity,  as  recorded  by  the  transducers  im- 
planted at  the  various  depths  belov^^  the  mudline,  began  to  diminish  at 
about  2300  h  on  day  265,  and  pressure  readings  became  relatively  stable 
after  0300  h  on  day  266,  at  which  time  no  significant  rapid  variations  in 
pressures  were  observed  (Table  1).  Poststorm  data  indicate  a  general  in- 
crease in  excess  pore  pressure  at  both  the  15-  and  8-m  depths  between 
the  period  of  days  267-273  (Figure  4).  Approximately  6  days  after  the 
storm  had  passed,  excess  pore-water  pressures  began  a  gradual  decline  at 
the  15-m  depth.  However,  excess  pore  pressure  continued  a  general  steady 
increase  at  the  8-m  depth.  Twenty-one  days  after  the  probe  was  implanted 
(16  days  after  the  passage  of  the  hurricane),  pore  pressures  appeared  to 
become  more  constant,  and  values  averaged  24  kPa  (3.5  psi)  at  15  m  and 
43  kPa  (6.2  psi)  at  8  m  (Figure  4). 

Poststorm  average  rates  of  change  of  excess  pore-water  pressures  are 
approximately  the  same  for  both  the  15-  and  8-m  depth  measurements. 
Calculated  average  rates  of  change  are  on  the  order  of  8.2  x  10*"'  kPa/s, 
increasing  (1.2  x  10^  psi/s)  at  8  m  and  10.3  x  10"  kPa/s,  decreasing 
(1.5  X  10"  psi/s)  at  15  m  below  the  mudline.  Although  preliminary 
analysis  of  data  (based  on  pore-water  pressure  measurements  prior  to 
Hurricane  Eloise  and  wet  unit  weights  obtained  from  borehole  samples) 
indicate  effective  stress  in  these  sediments  close  to  zero,  the  pore-pressure 
measurements  obtained  for  a  period  of  25  days  strongly  suggest  a  time- 
dependent  change  in  effective  stress  over  a  considerable  period  of  time- 
Wet  unit  weights  are  lowest  in  the  upper  9.1  m  (30  ft)  of  sediment  and 
average  1.42  Mg/m''  (88.7  Ib/ft^).  An  increase  in  wet  unit  weight  occurs 
at  about  9.1  m  and  averages  1.44  Mg/m-"*  (89.7  lb/ft')  between  this  depth 
and  15.2  m  (50  ft).  Despite  the  measured  increase  in  wet  bulk  density 
below  9.1  m,  considerable  core  expansion  was  observed  in  samples  recov- 
ered below  this  depth.  Consequently,  measured  unit  weights  are  probably 
somewhat  lower  than  are  in  situ  wet  unit  v/eights. 

Data  indicate  not  only  long-term  changes  in  excess  pore  pressures,  but 
also  short-term  variations,  particularly  during  storm  activity,  and  likewise 
short-term  variations  in  total  pore-water  pressure.  Short-term  variations 
and  long-term  changes  in  excess  pore  pressures  appear  to  be  the  rule  in 
these  sediments  at  the  probe  site  during  the  25-day  period  for  the  data 
obtained  before,  during,  and  after  Hurricane  Eloise's  passage  through  the 
northern  Gulf  of  Mexico. 
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Summary 

Piezometer  measurements  in  Mississippi  delta  submarine  sediments  at  a 
selected  site  (Block  28)  have  shown  the  presence  of  high  excess  pore-water 
pressures.  Independently  measured  hydrostatic  and  pore-water  pressures 
have  indicated  the  presence  not  of  only  short-term  rapid  fluctuations  in 
excess  pore  pressure  during  active  storm  conditions,  but  also  long-term 
changes  in  excess  pore  pressure  following  the  passage  of  Hurricane  Eloise 
through  the  Gulf  of  Mexico.  The  long-term  changes  observed  in  excess 
pore  pressure  suggest  a  commensurate  time-dependent  change  in  effective 
stress  in  these  submarine  sediments,  where  the  probe  was  implanted.  Rela- 
tively rapid  fluctuations  were  observed  in  hydrostatic  and  pore-water 
pressures  during  storm  activity,  and  maximum  pore-pressure  variations 
measured  approximately  one-half  the  values  observed  for  the  hydrostatic 
pressure  variations.  This  suggests  an  energy  loss  or  "dampening"  effect 
through  the  sediments  of  wave  activity  during  the  storm.  Data  collected 
following  the  25  days  reported  here  are  presently  being  analyzed,  although 
the  data  discussed  in  this  article  represent  the  most  continuous  set  of 
measurements  collected  during  the  pore-pressure  experiment. 

Acknowledgments 

This  project  was  funded  by  the  National  Oceanic  and  Atmospheric 
Administration,  Atlantic  Oceanographic  and  Meteorological  Laboratories. 
Funds  for  the  field  activities  were  provided  by  the  U.S.  Geological  Survey. 
The  writer  wishes  to  acknowledge  the  assistance  and  support  given  by  Dr. 
William  R.  Bryant,  Dr.  Wayne  A.  Dunlap,  and  Dr.  George  H.  Keller,  each 
of  whom  assisted  in  the  field  operations  and  discussed  various  aspects  of  the 
piezometer  data.  The  writer  appreciates  the  various  contributions  made 
by  Dr.  Louis  Garrison,  U.S.  Geological  Survey,  Corpus  Christi,  Texas,  who 
provided  funds  for  the  field  activities  and  for  the  borehole  made  near  the 
piezometer  site.  Michael  Tubman  assisted  in  the  data  collection  and  main- 
tenance of  the  electronic  equipment.  John  Burns  assembled  the  electronic 
instrumentation  and  assisted  in  the  field  operations  and  in  the  calibration 
of  the  piezometer  system.  Charles  Noble  made  possible  the  calibration  of 
the  pressure  transducers  and  system.  Field  assistance  provided  by  Shell  Oil 
Company  and  employees  is  appreciated.  The  critical  review  of  this  manu- 
script and  helpful  suggestions  by  Dr.  Wayne  A.  Dunlap  are  gratefully 
acknowledged. 


688 


PORE-WATER  PRESSURE  IN  MISSISSIPPI  DELTA  SEDIMENTS  189 

References 

Bennett,  R.  H.,  and  W.  R.  Bryant,   1973.  Submarine  sediment  microstructure,  Clay 

and  Clay  Minerals  Society  22nd  Annual  Clay  Minerals  Conference.  Banff,  Canada, 

Program  Abstracts,  p.  22. 
Bennett,  R.  H.,  W.  R.  Bryant,  W.  A.  Dunlap,  and  G.  H.  Keller.  1976.  Initial  results 

and  progress  of  the   Mississippi  Delta  sediment   pore  water   pressure  experiment. 

Marine  Geotechnology,  vol.  I,  no.  4,  pp.  327-335. 
Bennett,  R.  H.,  W.  R.  Bryant,  and  G.  H.  Keller,  1977.  Clay  fabric  and  geotechnical 

properties  of  selected  submarine  sediment  cores  from  the  Mississippi  Delta.  NOAA 

Professional  Paper  #9,  87  pp. 
Bryant,  W.  R.,  \V.  Hottman.  and  P.  Trabant,  1975.  Permeability  of  unconsolidated 

and  consolidated  marine  sediments.  Gulf  of  Mexico,  Marine  Geotechnolocy,  vol.  I, 

pp.  1-14. 
Coleman.  J.  M.,  J.  N.  Suhayda,  T.  Whelan  III,  and  L.  D.  Wright,  1974.  Mass  move- 
ment  of    Mississippi    Delta    sediments.    Transactions    Gulf   Coast    Association    of 

Geological  Societies,  vol.  24,  pp.  49-68. 
Keller,  G.  H.,  and  R.  H.  Bennett,  1968.  Mass  physical  properties  of  submarine  sedi- 
ments  in   the   Atlantic   and   Pacific   Basins.    Proceedings   International   Geological 

Congress,  23rd,  Prague,  vol.  8,  pp.  33-50. 
Lai,  J.  Y.,  A.  F.  Richards,  and  G.  H.  Keller,  1968.  In  place  measurement  of  excess 

pore  water  pressure  of  Gulf  of  Maine   clays   (abstract).   American   Geophysical 

Union  Transactions,  vol.  49.  p.  221. 
Morelock,  J.,  and  W.  R.  Bryant,  1966.  Physical  properties  and  stability  of  continental 

slope  deposits,  northwest  Gulf  of  Mexico.  Transactions  Gulf  Coast  .Association  of 

Geological  Societies,  vol.  16,  pp.  279-295. 
Richards,  A.  F.,  K.  0ien,  G.  H.  Keller,  and  J.  Y.  Lai,  1975.  Differential  piezometer 

probe  for  an  in  situ  measurement  of  sea-floor  pore  pressure.  Geotechnique,  vol.  25, 

pp.  229-238. 
Sangrey,  D.  A.,  1976.  Marine  geotechniques — State  of  the  art  (abstract),  Conference 

on   Marine  Slope  Stability.  Oct.   14-15,  Louisiana  State  University,  Baton  Rouge, 

La.,  pp.  4-5. 
Shepard,  F.  P..  1956.  Marginal  sediments  of  the  Mississippi  Delta.  Bulletin  American 

Association  Petroleum  Geologists,  vol.  40,  pp.  2537-2623. 
Suhayda,  J.  N.,  T.  Whelan  III,  J.  M.  Coleman,  J.  S.  Booth,  and  L.  E.  Garrison,  1976. 

Marine    instability:    Interaction   of    hydrodynamic    forces    and    bottom    sediments. 

Offshore  Technology  Conference  Paper  No.  OTC  2426,  pp.  29-40. 
Whelan  III,  T.,  J.  M.  Coleman,  and  J.  N.  Suhayda,  1975.  The  geochemistry  of  Recent 

Mississippi  River  Delta  sediment:   Gas  concentration  and  sediment  stability.  Off- 
shore Technology  Conference  Proceedings,  vol.  3,  pp.  71-84. 


689 


38 

Ocean  Engineering  Technical   Bulletin   (NDBO)   3,   No.   4,  p.    3, 


AOML    PORE    PRESSURE 
MEASUREMENTS 


An  improved  shallow-water  piezometer 
(pore  water  pressure  probe)  was  fabri- 
cated at  NOAA's  Atlantic  Oceanographic 
and  Meteorological  Laboratories  (AOML) 
in  Miami,  and  was  deployed  in  March  1977 
in  the  Delta  near  the  mouth  of  the 
Mississippi  River.  This  experiment  is  cur- 
rently providing  significant  long-term 
measurements  that  will  define  the  geo- 
technical  properties  (mechanical  and  mass 
physical)  and  the  behavior  of  prodelta 
fine-grained  conesive  sediments  in  re- 
sponse to  static  and  dynamic  loads.  The 
role  of  pore  pressures  during  dynamic 
(storm)  as  well  as  static  (calm)  conditions 
is  considered  to  be  significant  in  the  ulti- 
mate stability  of  submarine  sediments 
and  in  the  safety  of  offshore  structures. 

The  system  is  composed  of  the  probe 
and  pressure-sensing  transducers,  signal- 
conducting  cables,  signal  conditioners,  vol- 
tage and  frequency  regulators,  and 
recorders.  The  probe  shell  enclosing  the 
pressure  transducers  is  a  O.iO-meter  OD 
steel  pipe  composed  of  several  3.05-meter 
segments  with  sealed  couplings.  The  probe 
is  19.8  meters  long,  and  includes  a 
specially  designed  tip  to  control  sediment 
disturt>ance  during  insertion.  It  contains 
six  variable-reluctance  pressure  trans- 
ducers: three  to  measure  absolute  pore 
water  pressure,  two  to  measure  absolute 
hydrostatic  pressure,  and  one  to  measure 
excess  pore  water  pressure  (differential 
pressure  above  hydrostatic).  The  separate 
measurement  of  pore  water  and  hydrosta- 
tic pressures  enables  the  determination  of 


storm  wave  effects  on  pore  pressures,  and 
the  differential  transducer  provides  more 
detailed  information  on  the  effect  of 
prot>e  installation  on  pore  water  pressures. 
Pore  pressure  is  sensed  through  either 
porous  corundum  or  high-air-entry  ceram- 
ic discs  inset  in  the  pipe  and  connected  to 
the  transducers  by  short  tubing.  Hydrosta- 
tic pressure  is  transmitted  to  the  sensor 
locations  from  the  mud  line  through  the 
seawater-filled  interior  of  the  pipe,  there- 
by allowing  comparison  of  hydrostatic 
versus  pore  water  measurements  at  the 
desired  elevations.  Signals  from  each  trans- 
ducer are  transmitted  through  an  armored 
conducting  cable  to  the  signal  conditioners 
and  recorders  on  the  surface  at  the  nearby 
Trxed  platform. 

To  date.  NOAA/AOML  piezometer 
studies  at  three  Mississippi  Delta  sites  have 
revealed  the  presence  of  significant  high 
excess  pore  pressures,  and  have  indicated 
the  presence  of  short-term  rapid  pore  pres- 
sure fluctuations  during  active  hurricane/ 
storm  periods  to  depths  of  50  feet  in  the 
sediment  and  long-term  changes  over 
periods  of  many  days.  AOML  plans  to 
continue  long-term  tests  in  relatively  shal- 
low marine  waters,  to  obtain  additional 
data  on  pore  pressure  response  during 
active  storm  periods.  Also,  AOML  has 
plans  to  develop  a  self-contained  deep- 
water  piezometer  for  deployment  in  off- 
shore areas  of  critical  importance. 

AOML  CONTACTS:    R.  H.  Bennett 
J.  R.  Paris 
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Foreword 

The  field  of  "seafloor  soil  mechanics"  or  marine  geotechnique,  as  it  has  come 
to  be  known,  is  still  poorly  explored  and  its  practitioners  still  relatively  few.  However, 
the  recent  increases  in  continental  shelf  activities  spearheaded  by  the  offshore  oil  and 
gas  industries,  have  focused  increased  attention  on  the  need  for  a  much  better 
understanding  of  the  mass  physical  properties  of  marine  sediments. 

This  Professional  Paper  presents  the  results  of  some  4  years  of  geotechnical  re- 
search by  Richard  H.  Bennett  of  NOAA's  Atlantic  Oceanographic  and  Meteorological 
Laboratories,  working  with  William  R.  Bryant  at  Texas  A  &  M  University  and  George 
H.  Keller,  formerly  of  NOAA  and  now  v.ith  the  School  of  Oceanography  at  Oregon 
State  University. 

The  fabric  of  submarine  clays  as  well  as  the  mass  physical  properties  and  their 
changes  during  consolidation  are  characterii^tic!;  important  to  the  engineer  concerned 
with  implanting  structures  on  the  sea  floor.  This  volume  covers  the  history  of  the 
evolving  theories  in  this  fteld,  the  results  of  field  and  laboratory  work,  and  new 
insights  into  the  properties  of  submarine  sediments. 

Harris  B.  Stewart,  Jr.,  Director 
NOAA  Atlantic  Oceanographic  and 

Meteorological  Laboratories 
Miami,  Florida 
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Abstract. — Results  are  reported  of  research  on  clay  fabrics  and  selected  geotechnical  prop- 
perties  of  submarine  sediment  samples — to  core  depths  of  150  m — from  the  Mississippi 
prodelta  depositional  environment.  The  clay  fabric  of  a  Deep  Sea  Drilling  Project  sample 
is  compared  with  the  Delta  samples  because  of  its  highly  complex  nature  in  the  undisturbed 
versus  the  remolded  states.  Techniques  of  transmission  electron  microscopy,  unique  sample 
preparation,  and  quality  control  were  used  in  the  analyses.  Three  general  areas  of  this  in- 
vestigation include:  1)  A  comprehensive  literature  review  tracing  the  evolution  of  thought 
and  development  of  concepts  about  clay  fabrics;  2)  a  detailed  study  of  analytical  techniques, 
instrumentation,  and  sample  quality  as  applied  to  clay  fabrics;  and  3)  a  study  relating 
clay  fabrics  to  selected  geotechnical  properties,  depth  of  burial,  and  laboratory  consolidation 
loads.  Characteristics  of  clay  fabrics  in  natural  versus  laboratory  consolidated  samples  were 
evaluated.  Tentative  clay  fabric  models  related  to  predicted  void  ratios  were  proposed  for  sub- 
marine sediments. 


INTRODUCTION 


General  Statement 

Clay  soils  and  marine  geotechnical  properties 

Soils  engineers,  soils  scientists,  and  engineering  geol- 
ogists have  been  studying  the  physical  and  chemical  prop- 
erties of  clay  soils  for  several  decades.  Recently,  marine 
geologists  and  engineers  have  been  investigating  the  engi- 
neering behavior  and  fundamental  nature  of  submarine 
sediments  in  terms  of  their  geotechnical  properties  and  sedi- 
mentological  characteristics  (Hamilton  and  Menard  1956; 
Hamilton  1959,  1960,  1964;  Moore  1961;  Richards  1961, 
1962;  Ingelman  and  Hamilton  1963;  Richards  and  Hamil- 
ton 1967;  McClelland  1967;  Morgenstern  1967;  Bryant  and 
Wallin  1968;  Keller  and  Bennett  1968).  Study  of  marine 
sediment  geotechnical  properties  includes  all  of  the  engi- 
neering and  scientific  aspects  of  the  sedimentary  material, 
specifically  the  chemical,  mechanical,  acoustical,  biological, 
and  physical  properties  of  the  electrolyte-gas-solid  system  and 


its  response  to  static  and  dynamic  loads.  The  soils  engineer, 
concerned  with  deposits  on  land  or  in  the  marine  environ- 
ment, determines  the  physical  and  mechanical  properties 
of  soils  in  order  to  accurately  predict  their  behavior.  Struc- 
tures must  be  designed  to  meet  specific  conditions  of  soil 
strength,  slope  stability,  and  unique  environmental  condi- 
tions. On  the  other  hand,  the  geologist  is  concerned  with  the 
relationships  of  the  geotechnical  properties  of  soils  and 
their  fundamental  nature  (i.e.,  texture,  grain  size  and  shape, 
fabric,  and  physicochemical  properties)  to  the  depositional 
history  and  diagenesis  of  sedimentary  deposits  in  order  to 
delineate  complex  geological  processes. 

Soil,  sediment,  and  clay  minerals 

In  a  general  engineering  sense,  soil  is  any  unconsolidated 
material  composed  of  discrete  solid  particles  and  inter- 
stitial gas  and/or  liquids  (Sowers  and  Sowers  1961).  More 
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specifically,  soil  has  been  described  as  a  particulate,  multi- 
phase system;  particulate  refers  to  a  system  of  soil  par- 
ticles (solids),  and  multiphase  pertains  to  a  system  consist- 
ing of  the  mineral  phase  (solids)  plus  a  fluid  phase  (Lambe 
and  Whitman  1969).  The  mineral  phase  is  often  called  the 
mineral  skeleton  and  the  fluid  phase  is  the  pore  fluid.  In 
some  cases,  soils  include  air  or  gas;  however,  soils  below 
the  water  table  and  many  deep-sea  sediments  may  be  totally 
saturated  (the  interparticle  voids  are  completely  filled  with 
water).  The  pore  fluid  and  its  constituents,  such  as  dis- 
solved salts  and  organic  compounds,  will  affect  the  nature 
of  the  clay  mineral  surfaces  and  therefore  affect  the  proc- 
esses of  force  transmission  at  the  particle  contacts.  This 
type  of  interaction  between  the  phases  is  referred  to  as 
chemical  interaction  (Lambe  and  Whitman  1969). 

Sediment,  to  the  geologist,  is  a  deposit  formed  by  the 
agents  of  water,  M'ind,  or  ice  and  a  product  of  chemical,  bio- 
logical, and  physical  weathering  of  solid  material  on  the 
earth's  surface.  The  term  soil  generally  denotes  those  re- 
sidual materials  that  accumulate  during  weathering  (Krum- 
bein  and  Sloss  1959).  Tlie  terms  soil  and  sediment  are  used 
interchangeably  in  this  study  depending  upon  the  engineer- 
ing or  geological  context  of  discussion.  Tlie  most  important 
and  active  constituents  of  a  soil  (sediment)  are  the  clay 
minerals  which  are  basically  hydrous-aluminum  silicates 
with  unique  layered  or  sheetlike  structures.  Technically,  clay 
minerals  are  classified  as  phyllosilicates.  Prior  to  1923,  how- 
ever, clays  were  thought  to  be  amorphous  (Hadding  1923). 
Clays  are  generally  less  than  2  /im  in  diameter  although 
some  clay  minerals  exceed  this  size.  The  most  common  clay 
minerals  are  kaolinite,  montmorillonite  (smectite),  and 
illite.  A  few  of  the  less  common  clays  are  allophane,  hal- 
loysite,  chlorite,  and  attapulgite.  Clay  mineralogy  and  clay 
classification  can  be  found  in  Grim  (1940,  1962,  1968)  and 
in  Grim  and  Johns  (1958).  An  excellent  review  of  chemical 
weathering  of  silicate  minerals  is  given  by  Keller  (1957). 
The  reader  is  also  referred  to  studies  by  Rateev  and  others 
(1969)  and  Lisitzen  (1972)  cf  clay  mineral  distribution  in 
the  world  ocean  basins. 

Clay  microstructure  and  clay  fabric 

Clay  microstructure  refers  to  two  important  properties  of 
a  soil — the  fabric  and  the  physicochemistry  (Mitchell  1956; 
Lambe  1958a ;  Foster  and  De  1971 ) .  Clay  fabric,  a  geotech- 
nical property  of  soil,  is  defined  as  the  orientation  and 
arrangement  (spatial  distribution)  of  the  solid  particles 
(generally  <3.9  ij.m  in  size)  and  the  particle-to-particle  re- 
lationships. The  physicochemistry  pertains  to  the  interpar- 
ticle forces  of  the  sediment.  The  clay  minerals  in  most  sedi- 
mentary deposits  are  not  of  the  same  size,  shape,  and  min- 
eralogy, and  these  characteristics  coupled  with  the  physico- 
chemistry play  a  significant  role  in  establishing  the  ultimate 
fabric  at  the  time  of  deposition. 

The   geotechnical   properties   commonly    studied   include 


shear  strength,  water  content,  unit  weight,  void  ratio  and 
porosity,  permeability,  and  consoUdation  characteristics. 
These  properties  are  strongly  influenced  and  largely  con- 
trolled  in  clay  sediment  by  the  fabric  and  physicochemistry, 
but  very  little  is  actually  known  of  the  microstructure  in 
natural  deposits  (Lambe  1958a;  Rosenqvist  1959,  1962), 
The  understanding  of  clay  microstructure  (fabric  and  in- 
terparticle forces)  and  the  related  geotechnical  properties 
is  an  important  prerequisite  to  meaningful  predictions  of 
the  engineering  behavior  of  sedimentary  deposits  in  re- 
sponse to  static  and  dynamic  loads,  and  to  variations  in  en- 
vironmental conditions  (Lambe  1958a).  Equally  important, 
the  study  of  clay  microstructure  is  highly  significant  to  the 
understanding  of  detailed  changes  in  sedimentary  deposits 
during  diagenesis  and  sedimentary  rock  history. 

Usually,  the  geotechnical  properties  of  sedimentary  mate- 
rial are  easily  determined  by  well  established  standard  soil 
mechanics  techniques,  unlike  the  study  of  clay  fabric  which 
requires  sophisticated  techniques  of  transmission  or  scan- 
ning electron  microscopy  (T.E.M.  and  S.E.M.,  respectively) 
for  the  delineation  of  particle  arrangements.  This  study  was 
focused  on  a  few  significant  aspects  of  submarine  sediment 
clay  fabric  utilizing  techniques  of  transmission  electron 
microscopy. 

Objectives 

General  purpose  of  the  investigation 

The  purpose  of  this  research  was  a  detailed  assessment  of 
the  clay  fabric  and  selected  geotechnical  properties  of  sub- 
marine sediment  from  the  Mississippi  prodelta  depositional 
environment  sampling  to  depths  of  150  m.  Fabric  analysis 
was  carried  out  using  techniques  of  transmission  electron 
microscopy,  unique  sample  preparation,  and  quality  con- 
trol. Relationships  among  the  fabrics  and  selected  geotechni- 
cal properties  characteristic  of  Mississippi  Delta  sediments 
were  investigated.  The  geotechnical  properties  of  these 
Delta  sediments,  especially  their  variation  with  depth,  play 
a  critical  role  in  the  safe  and  proper  design  of  offshore  drill- 
ing platforms  and  manmade  emplaced  structures.  An  under- 
standing of  the  changes  that  submarine  sediments  undergo 
during  natural  consolidation  is  a  basic  prerequisite  in  de- 
termining factors  responsible  for  certain  sediment  prop- 
erties. 

Most  previous  studies  of  clay  fabric  have  dealt  with  lab- 
oratory  sedimented  material,  and  a  few  investigations  were 
concerned  with  marine  quick  clays.  Although  these  studies 
provided  an  insight  into  the  probable  or  possible  nature  of 
clay  fabric  in  natural  sedimentary  deposits,  studies  by 
Bowles  (1968a)  and  Bowles  and  others  (1969)  are  the  only 
detailed  investigations  of  the  clay  particle  relationships  in 
submarine  sediments.  However,  these  studies  were  limited 
to  sample  depths  of  10  m.  No  literature  is  known  dealing 
with  clay  fabric  and  changes  in  particle  orientation  that  oc- 
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cur  during  natural  consolidation  at  significant  depths  of 
burial  in  submarine  sediment.  Clay  orientation  and  particle 
rearrangement  with  increasing  depth  of  burial  are  important 
factors  in  the  development  of  shale.  These  factors  were  eval- 
uated and  formed  an  integral  part  of  this  research. 

In  order  to  clearly  evaluate  the  fabric  observed  in  the 
Mississippi  Delta  samples,  a  comprehensive  review  of  the 
literature  was  made  tracing  the  concepts  and  evolution  of 
thought  concerning  clay  fabric  from  early  theories  to  re- 
cent findings.  Several  models  of  clay  fabric  have  been  pro- 
posed in  the  literature.  These  representations  form  a  basis 
for  comparison  and  evaluation  with  the  fabric  characteristic 
of  the  sediments  studied. 

Specific  objectives 

The  two  major  objectives  of  this  study  were  to  identify 
the  "type"  of  fabric  observed  in  the  sediment  core  sam- 
ples— such  as  single  grain,  domain,  "turbostratic,"  floccule, 
dispersed,  aggregated,  etc. — and  to  delineate  characteristic 
particle-to-particle  arrangements  with  depth  in  cores  to  150 
m.  To  do  this,  photomicrographs  of  ultrathin  sections  of 
sediment  samples  were  studied.  The  samples  were  extracted 
at  selected  depths  in  two  cores  from  the  same  general  Missis- 
sippi Delta  location.  Their  observed  fabric  was  compared 
with  that  of  fabric  models  proposed  in  the  literature  and 
changes  in  fabric  with  increasing  depth  in  the  cores  were 
assessed.  -■ 

Other  objectives — to  learn  more  about  development  of 
fabric  characteristics,  their  relation  to  depositional  environ- 
ments and  geotechnical  properties  of  the  sediments,  and 
analytical  techniques  and  methods  of  investigation —  were: 


(1)  To  compare  clay  fabric  for  selected  depths  of  burial 
and  associated  (estimated)  overburden  pressures  with  typi- 
cal fabric  characteristics  of  unconsolidated  surficial  sedi- 
ment; 

(2)  To  compare  the  fabric  of  naturally  consolidated  and 
laboratory -consolidated  sediment  samples,  using  transmission 
electron  micrographs; 

(3)  To  address  the  question  of  depth  of  burial  versus 
fissility  as  related  to  the  Mississippi  Delta  sediment  and  the 
environment  of  deposition,  specifically  to  study  the  develop- 
ment of  fissility  in  clay  to  form  shales  as  a  function  of  clay 
flake  orientation  in  response  to  overburden  pressure. 

(4)  To  observe  [possible]  relationships  between  clay 
fabric  characteristics  and  geotechnical  properties  of  sedi- 
ments ; 

(5)  To  determine  changes  in  void  ratio  (e)  as  a  function 
of  depth  of  burial,  as  determined  from  transmission  electron 
micrographs  and  by  standard  geotechnical  laboratory  meas- 
urements; 

(6)  To  demonstrate  the  usefulness  and  application  of 
image  enhancement  techniques  in  the  study  of  clay  fabrics, 
using  transmission  electron  micrographs ;  and 

(7)  To  assess  sample  preparation  techniques  by  using 
image  enhancement  techniques  applied  to  transmission  elec- 
tron micrographs  to  determine  void  ratios  (versus  values 
obtained  by  standard  laboratory  techniques)  ;  and  by  ob- 
serving (assessing)  clay  particle-to-particle  integrity  in 
response  to  sampling  and  transmission  electron  microscope 
preparatory  techniques  (by  comparing  undisturbed  versus 
laboratory  remolded  sample  fabrics) . 


Literature  Review  —  Clay  Fabric 


Physicochemistry  of  Clays 

The  physicochemistry  of  clays  is  critical  in  determining 
the  nature  of  clay  fabric,  especially  in  the  early  stage  of 
formation.  A  brief  discussion  of  its  role  is  fundamental  to 
the  understanding  of  clay  fabric.  Detailed  studies  of  this 
aspect  of  clay  microstructure  and  its  influence  on  the  me- 
chanical properties  of  soils  are  presented  by  Winterkorn 
(1948),  Bolt  (1965),  Lambe  (1958a),  Rosenqvist  (1959, 
1962),  Warner  (1964),  Buchanan  (1964),  and  Ingles  1968). 
Excellent  discussions  concerning  the  physicochemistry  of 
clays  and  colloids  in  general  can  be  found  in  Kruyt  (1952) 
and  van  Olphen  (1963) . 

The  physicochemical  forces  controlling  clay  mineral 
structure  and  the  initial  framework  of  clay  fabric  are  essen- 
tially electrical  in  character.  Suspended  clay  particles  in- 
teract in  response  to  the  electrical  nature  of  the  particle 
surface  and  to  the  characteristics  of  the  surrounding  aque- 
ous medium.  The  electrical  forces  can  be  classified  as 
primary  valence  bonds,   hydrogen   bonds,   van   der   Waals 


forces,  and  simple  electrostatic  interactions  (Lambe  1958a). 
Primary  valence  bonds  hold  atoms  of  individual  clay  par- 
ticles together.  These  short-range  powerful  forces  are  highly 
directional  and  thus  determine  the  crystal  structure  of  the 
various  clay  minerals.  Most  clay  minerals,  specifically  the 
phyllosiliciates,  are  made  up  of  sheets  (tetrahedral  and 
octahedral  coordination  polyhedra)  generally  in  1-to-l  or 
l-to-2  layers  such  as  one  tetrahedral  sheet  plus  one  octahe- 
dral sheet  (kaolinite),  or  two  tetrahedral  plus  one  octahe- 
dral sheet  (smectite,  illite,  and  chlorite).  Thus  most  clay 
minerals  are  platy  or  sheetlike  and  for  practical  purposes 
can  be  considered  as  approximately  two-dimensional.  In 
addition,  they  possess  an  enormous  surface  area  to  mass 
ratio  (specific  surface,  m^/g) .  Most  clay  particles  are  con- 
sidered colloids  which  range  in  size  from  about  1  jj.m  to  as 
small  as  0.0001  nm.  However,  some  clay  minerals  are  some- 
what larger  than  colloid  size.  When  a  particle  has  a  specific 
surface  sufficient  to  have  electrical  forces  which  dominate 
mass  forces,  the  particle  is  considered  a  colloid. 
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Hydrogen  bonds  hold  hydrogen  atoms  to  oxygen,  nitro- 
gen, or  fluorine  atoms.  AUhough  hydrogen  atoms  each  have 
only  one  primary  valence  bond,  each  may  be  held  to  a 
second  atom  by  a  hydrogen  bond.  These  hydrogen  bonds 
are  important  only  between  hydrogen  atoms  and  atoms  of 
oxygen  in  clay-water  systems.  Hydrogen  bonds  are  short 
range  and  directional  much  like  primary  valence  bonds  but 
they  are  only  about  one-tenth  as  strong.  Van  der  Waals 
forces  are  somewhat  weaker  and  less  highly  directional  but 
of  longer  range  than  the  primary  valence  forces  and  hydro- 
gen bonds.  Van  der  Waals  forces  and  in  some  cases  hy- 
drogen bonds  function  in  such  a  way  as  to  hold  the  essen- 
tially two-dimensional  clay  mineral  layers  together  to  form 
relatively  thin  particles.  During  flocculation  of  suspended 
clay  particles,  deposition,  and  also  during  low  pressure 
diagenesis,  clay  crystals  are  not  generally  broken  (i.e., 
primary  valence  bonds  are  not  broken)  nor  are  the  clay 
layers  separated  (Lambe  1958a).  Although  the  absolute 
range  of  pressures  may  vary  for  different  clay  minerals,  the 
breaking  of  interlayer  bonds  appears  to  be  indicative  of  the 
onset  of  high  pressure  diagenesis  as  revealed  through  studies 
of  consolidated  kaolinite  (Cabrera  and  Smalley  1971 ) . 

Electrostatic  forces  engender  attraction  between  op- 
positely charged  entities  and  repulsion  between  similarly 
charged  ones.  These  forces  are  omnidirectional,  somewhat 
weaker  but  of  longer  range  than  those  forces  previously  dis- 
cussed. Electrostatic  interactions  are  critical  in  determining 
clay  microstructure,  particularly  clay  fabric,  because  clay 
particles  carry  a  net  n^ative  charge  which  is  large  com- 
pared to  the  particle  mass.  The  net  charge  varies  with  the 
clay  mineral  type  and  the  charge  is  a  function  of  isomor- 
phous  substitution  in  the  crystal  (lattice)  structure.  An 
additional  complicating  factor  is  introduced  by  the  small 
positive  charge  carried  by  particle  edges  under  certain  con- 
ditions (Thiessen  1942;  van  Olphen  1963). 

Physicochemistry  of  Flocculation  and 
Dispersion 

The  balance  of  the  attractive  van  der  Waals  forces  and 
the  repulsive  electrostatic  forces  active  between  particles 
determines  whether  the  clay  particles  will  flocculate  (form 
aggregates)  or  disperse  (remain  in  suspension  as  single 
particles  during  settling).  The  van  der  Waals  forces  are 
invariant  and  largely  fixed  by  the  specific  clay  minerals  in- 
volved; however,  the  electrostatic  interactions  are  easily 
modified  by  the  physicochemical  characteristics  of  the 
medium  surrounding  the  particles.  The  electrostatic  inter- 
action in  water  is  between  the  mobile  atmospheres  of  hy- 
drated  positive  ions  (sometimes  termed  the  double  layers) 
that  surround  the  negatively  charged  particles,  rather  than 
between  the  particles  themselves.  The  total  charge  of  the 
positive  ions  in  the  atmosphere  of  a  clay  particle  is  equal 
to  the  net  charge  of  the  particle,  and  it  is  thus  approximately 


invariant,  but  the  density  of  the  atmosphere  of  charge  varies 
with  the  electrolyte  concentratioiL,  ion  valence,  size  of  the 
hydrated  ion,  temperature,  and  dielectric  constant. 

Increasing  electrolyte  concentration  and  ion  valence  and 
decreasing  hydrated  ion  size,  temperature,  and  dielectric  con- 
stant increases  the  density  of  the  atmospheres  of  charge,  and 
the  atmospheres  shrink  in  toward  the  particles.  Thus  the 
particles  may  approach  each  other  more  closely,  and  under 
the  influence  of  thermal  agitation,  the  shorter  range  attrac- 
tive van  der  Waals  forces  come  into  play. 

The  combination  of  the  physicochemical  forces  and 
changes  in  the  variables  of  the  clay  colloid  system  deter- 
mines whether  the  clay  particles  will  flocculate  or  disperse. 
In  natural  systems,  mixed  electrolytes  are  the  rule,  and  the 
variable  of  paramount  importance  which  affects  the  ionic 
atmospheres  is  the  electrolyte  concentration  (salinity).  As 
an  example,  clay  minerals  are  introduced  to  a  relatively 
rapidly  changing  physicochemical  environment  in  natural 
systems  when  rivers  and  streams  discharge  sediment  into 
highly  saline  bodies  of  water  such  as  coastal  embayments, 
lagoons,  and  ocean  basins  in  general  or  into  estuaries  and 
brackish  waters  high  in  organic  compounds.  Chemical  re- 
actions on  the  clay  surfaces  can  alter  the  net  charge  of  the 
particles  and  thus  affect  the  physicochemistry  of  flocculation 
and  dispersion.  Important  indicators  for  such  chemical  re- 
actions in  natural  systems  are  the  pH  and  the  concentrations 
of  organic  anions  and  cations.  Although  the  role  of  organic 
compounds  in  determining  soil  microstructure,  and  partic- 
ularly clay  fabric,  has  been  shown  to  be  significant,  it  is 
imperfectly  understood  (Meade  1964:  O'Brien  1970a). 

The  electrical  forces  active  among  clay  particles  are  im- 
portant in  determining  the  arrangement  of  clay  minerals 
during  deposition,  whereas  mechanical  factors  such  as  effec- 
tive overburden  pressures  and  in  some  cases  lateral  stresses 
are  important  in  determining  post  depositional  changes  in 
fabric.  Further  changes  in  fabric  subsequent  to  deposition 
can  be  brought  about  by  migration  of  pore  water  solutions, 
living  organisms,  drying,  and  frost  action  (Gillott  1%9). 

Concepts  of  Clay  Fabric 

Early  concepts 

Perhaps  the  earliest  concept  of  clay  fabric  was  presented 
by  Terzaghi  (1925a)  in  a  discussion  on  arrangement  of 
soil  particles  and  the  bonding  of  cohesive  soils;  although  as 
early  as  1908,  Sorby  (1908)  alluded  to  the  importance  of 
clay  particle  arrangement  during  settling  and  consolidation. 
Terzaghi  proposed  that  clay  minerals  stick  to  each  other  at 
points  of  contact  with  forces  sufficiently  strong  to  construct 
a  type  of  honeycomb  structure,  permitting  large  amounts  of 
water  to  be  enclosed  within  the  voids.  Each  unit  or  cell  of 
the  honeycomb  was  envisioned  as  being  made  up  of  numer- 
ous single  grains  held  together  by  adhesion.  Later,  Casa- 
grande  (1932)   presented  an  idea  of  the  honeycomb  struc- 
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Figure     1. — Honeycomb 


structure. 
1925) 


( Terzaghi-Casagrande 


ture  of  sensitive  soils  very  similar  to  Terzaghi's  concept. 
This  type  of  clay  fabric  is  usually  referred  to  as  the  Ter- 
zaghi-Casagrande honeycomb  structure  (fig.  1).  Subsequent 
to  Terzaghi's  published  work,  Goldschxnidt  (1926)  proposed 
that  clay  properties  were  due  to  crystalline  minerals  en- 
closed by  a  film  of  adsorbed  water  molecules.  The  water 
molecules  were  considered  to  stick  to  each  other  and  to  the 
mineral  grains  because  of  their  dipolar  moment.  Gold- 
schmidt  proposed  that  the  flaky  minerals  of  highly  sensitive 
clays  were  arranged  in  an  unstable  cardhouse  structure. 
This  structure  was  assumed  to  have  a  dominance  of  particle 
edge-to-face  contacts.  Over  20  years  later,  Lambe  (1953) 
presented  schematic  diagrams  of  clay  mineral  arrangements 
similar  to  Goldschmidt's  concept  of  clay  fabric  (fig.  2). 
Lambe  proposed  that  undisturbed  marine  clays  had  an 
open  structure  similar  to  the  cardhouse  structure;  however, 
the  fabric  of  fresh  water  clays  was  thought  to  be  some- 
what denser  (fig.  3).  Remolded  clay  was  assumed  to  have 
a  high  degree  of  parallelism  between  adjacent  particles 
(fig.  4).  The  Goldschmidt-Lambe  concept  of  cardhouse 
structure  is  clearly  quite  different  from  the  Terzaghi-Casa- 
grande honeycomb  concept.  Rosenqvist  (1955)  and  Bjerrum 
and  Rosenqvist  (1956)  presented  similar  views  of  the  card- 
house  fabric;  however,  their  means  of  optical  light  micro- 
scopy were  not  completely  satisfactory  for  definitive  con- 
clusions. The  cardhouse  fabric  was  also  discussed  and  pro- 
posed by  Hofmann  as  early  as  1942,  although  his  work  was 
considerably  later  than  Goldschmidt's  initial  studies. 

Lambe  (1953)  considered  that  the  random  arrangement 
(cardhouse  fabric)  of  the  particles  occurs  when  clay  sedi- 
ment enters  salt  water  with  a  high  electrolytic  concentra- 
tion. Flocculation  of  these  particles  causes  them  to  settle 
simultaneously  with  silt  particles  and  fine  sand  forming  a 
loose  porous  structure.   However,  clay   deposited   in   fresh 


FrcimE  2. — Cardhouse  structure.   Saltwater  deposit.    (Gold- 
scliniidt-Lambe   1953) 


Figure  3. — Cardhouse  structure.  Freshwater  deposit.  (Lambe 
1953) 


Figure  4.— Remolded  structure.  (Lambe  1953) 

water  remains  dispersed  and  settles  with  a  slower  velocity 
than  silt  and  forms  a  much  greater  degree  of  parallel  par- 
ticle orientation  (oriented  fabric).  Thus,  according  to 
Lambe  (1953),  particle  orientation  in  a  dispersed  system 
is  a  parallel  arrangement  (oriented  fabric),  whereas  in  a 
flocculated  system  it  is  a  random  arrangement  (cardhouse 
fabric) .  Flocculation  of  a  clay  is  thought  to  occur  by  elec- 
trostatic attraction  of  positively  charged  particle  edges  and 
negatively  charged  particle  faces.  Theissen  (1942)  has  sub- 
stantiated these  electrostatic  properties  for  some  clays. 

In  an  effort  to  reconstruct  the  environments  of  deposi- 
tion for  argillaceous  rocks,  Urbain  (1937)  used  the  optical 
microscope  to  delineate  the  microfabrics.  He  recognized  the 
importance  of  the  effects  of  electrolytes  on  the  clay  partide 
arrangements.  Powers  (1957)  investigated  clay  floccules  of 
suspended  sediment  from  variou?  estuaries.  His  studies  indi- 
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lated  a  decrease  in  floccule  size  and  a  slight  increase  in 
srystal  size  in  the  downstream  (estuary)  direction.  In  the 
]!hesapeake  Bay  area  he  found  no  size  sorting  or  min- 
iralogical  sorting  of  clay  minerals  in  the  suspended  sedi- 
nent.  In  the  Atchafalaya  Bay  area  his  studies  showed  that 
It  1  to  10  parts  per  thousand  salinity  (%o),  rapid  deposi- 
ion  of  mud  occurre'd  due  to  flocculation. 

Mitchell  (1956)  pointed  out  three  important  differences 
)etween  dispersed  and  flocculated  clays  in  relation  to  their 
geotechnical  properties. 

(1)  For  any  given  consolidation  pressure,  the  weight  of 
^lay  occupies  a  smaller  volume  in  the  dispersed  or  oriented 
itate  than  in  a  flocculated  condition. 

(2)  Dispersed  clay  particles  are  distributed  more  uni- 
'ormly  throughout  a  given  volume  than  are  particles  dis- 
ributed  in  a  flocculated  clay. 

(3)  For  a  given  increment  of  stress,  there  is  greater 
shifting  of  particles  relative  to  one  another  in  a  flocculated 
;lay  than  in  a  dispersed  clay. 

Fabric  studies  by  Mitchell  (1956)  of  undisturbed  and 
•emolded  clays  revealed  that  silt  particles  were  not  in  con- 
act  with  each  other  in  either  a  remolded  or  undisturbed 
itate.  The  silt  appeared  to  "float"  in  a  clay  matrix,  even  in 
soils  with  greater  than  75  percent  of  the  particles  larger 
han  2  jam.  Remolding  tended  to  homogenize  the  sample 
rendering  the  clay  less  variable.  An  improvement  in  the 
>aral!el  orientation  of  clay  platelets  was  greater  in  remolded 
iamples  than  undisturbed  samples  when  they  were  com- 
Dressed  one-dimensionally  at  natural  water  contents  to  loads 
if  196  kPa,  Remolding  caused  preferred  orientation  over 
;mall  areas  such  that  oriented  areas  shifted  smoothly  from 
particle  alignment  in  one  direction  to  particle  alignment  in 
mother  direction.  Over  large  areas,  preferred  particle  orien- 
tation parallel  to  one  direction  was  not  strong;  apparently 
ineading  is  responsible  for  this,  because  there  is  no  force 
:ending  to  orient  particles  in  one  direction.  The  illite- 
;hlorite  group  of  marine  clays  was  observed  to  undergo  the 
Greatest  change  in  grain  orientation  and  engineering  prop- 
srties  as  a  result  of  remolding  when  compared  to  the  illite- 
tnontmorillonite  fresh  water  clays  £md  the  Mexico  City  clay, 
which  is  described  as  a  weathered  volcanic  glass.  Mitchell 
(1956)  also  found  that  the  clays  deposited  in  marine  or 
brackish  water  which  had  imdergone  natural  precompression 
of  up  to  284  kPa  (1  psi  =  6.89  kPa)  exhibited  some  degree 
of  parallel  particle  orientation.  Rosenqvist  (1955)  noted 
that  the  highly  sensitive  Norwegian  marine  clays  showed 
almost  complete  random  particle  orientation,  although  they 
had  never  been  consolidated  to  a  great  degree.  Mitchell  con- 
cluded that  the  concepts  of  Lambe  (1953)  were  essentially 
correct  for  fresh  water,  marine,  and  remolded  clays.  How- 
ever, deposition  of  clay  in  "fresh"  water  may  not  in  every 
case  produce  an  oriented  fabric  because  impurities  in  the 
depositional  water  and  the  nature  of  the  adsorbed  cations 


may  affect  the  dispersion  of  the  clay  platelets  during  sedi- 
mentation. The  reader  is  referred  to  early  detailed  studies 
of  compaction,  engineering  properties,  and  clay  fabric  by 
Seed  and  Chan  (1959),  TroUope  and  Chan  (1960),  and 
Lambe  (1960).  Mechanical  aspects  of  clay  fabric  have  been 
studied  also  by  ceramicists  Weymouth  and  Williamson 
(1953),  and  WiUiamson  (1947,  1960a,  1960b). 

Early  concepts  of  clay  fabric  were  depicted  as  two- 
dimensional  figures  which  actually  represented  three-dimen- 
sional arrangements  of  clay  particles.  Later,  Tan  (1957; 
1959)  presented  a  schematic  picture  of  clay  fabric  with  a 
three-dimensional  configuration  (fig.  5),  showing  a  clay 
mineral  network  dominated  by  contacts  between  corners  and 
planes  of  mineral  particles.  Rosenqvist  (1959)  using  elec- 
tron microscopy  (carbon  replication)  confirmed  the  Gold- 
schmidt-Lambe  cardhouse  concept  of  undisturbed  clay.  The 
mineral  arrangement  was  dominated  by  contacts  between 
corners  and  planes  and  was  similar  to  the  fabric  proposed 
by  Tan.  This  arrangement  was  found  for  all  marine  clays 
examined  by  Rosenqvist.  Complete  random  orientation  of 
illite  and  kaolinite  particles  in  marine  clay  from  the  north- 
eastern area  of  the  Black  Sea  was  reported  by  Raitburd 
(1960).  Different  degrees  of  random  and  preferred  orien- 
tation were  reported  by  Wu  (1958)  for  glacial-lake  clays 
from  the  Great  Lakes  region.  The  arrangements  could  not 
be  related,  however,  to  the  types  and  concentrations  of  ions. 


Figure  5. — Three-dimensional  representation  of  clay  struc- 
ture.   (Tan  1957) 


Lambe  (1958a)  described  slightly  different  concepts  of 
clay  fabric  than  he  had  proposed  in  1953  (figs.  6,  7,  and  8). 
Salt  type  flocculation  with  grain  orientation  approaching 
parallelism  and  a  somewhat  open  network  indicative  of 
moderately  high  void  ratio  was  depicted  (fig.  6).  The  non- 
salt  type  fabric  exhibited  a  purely  edge-to-face  relationship 
among  grains  resulting  in  a  high  void  ratio  framework  (fig. 
7).  The  dispersed  particle  arrangement  (fig.  8)  is  quite  sim- 
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Figure  6. — Salt-flocculated  cardhouse  structure  with  a  stair- 
step configuration.    (Lambe  1958) 


Figure     7. — Nonsalt-flocculated     well-developed     cardhouse 
structure.  (Lambe  1958) 


cussing  the  relationships  between  fabric  and  the  engineer- 
ing behavior  of  clay. 

Van  Olphen  (1963)  depicted  in  a  descriptive  sense  the 
difference  in  particle  arrangement  of  sedimentation  from 
a  peptized  versus  a  flocculated  suspension  (fig.  9a,  9b). 
The  main  intent  was  to  show  that  flocculated  particles  form 
a  loose,  voluminous  sediment  in  contrast  to  a  relatively 
dense  sediment  of  closely  packed  particles  formed  from  a 
peptized  suspension.  This  would  be  equivalent  to  Lambe's 
flocculated  versus  dispersed  fabrics  respectively.  Models 
were  proposed  by  Von  Engelhardt  and  Gaida  (1963)  de- 
picting voluminous  clay  structure  (large  aggregates)  indi- 
cative of  high  salinity  water  and  a  more  dense  small  aggre- 
gate structure  characteristic  of  low  salinity  water.  Van 
Olphen  (1963)  further  described  various  conceptual  models 
of  possible  modes  of  particle  association  (figs.  10a— g). 
His  basic  difference  in  the  scheme  of  particle  associations 
was  the  "dispersed"  single  particle  (fig.  10a)  versus  the 
"aggregated"  compound  particle  (fig.  10b)  interaction.  Van 
Olphen  points  out  that  three  modes  of  particle  association 


Figure  8. — ^Dispersed  structure  with  preferred  grain  orien- 
tation.  (Lambe  1958) 
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ilar  to  his  earlier  representation  presented  in  1953.  An  essen- 
tial difference  in  the  fabric  concepts  presented  in  1958  was 
the  absence  of  silt  particles.  Similar  clay  mineral  arrange- 
ments were  also  shown  by  Schofield  and  Samson  (1954). 
Other  studies  indicated  that  in  sands  permeated  with  clay 
suspensions,  the  clay  plates  orient  parallel  to  the  sand  sur- 
faces (Brewer  and  Haldans  1957).  Clearly,  the  presence  of 
silt  and  sand  mixed  with  clays  would  influence  the  overall 
arrangements  of  the  clay  particles  in  close  proximity  to  the 
larger  grains. 

Lambe's  studies  {1958a)  with  pure  kaolinite  indicated 
that  the  particles  flocculate  with  an  edge-to-face  arrange- 
ment and  that  a  small  amount  of  salt  results  in  dispersion. 
High  concentrations  of  salt  result  in  flocculation,  but  the 
increase  in  anions  which  gather  at  the  particle  edges  results 
in  a  less  effective  positive  charge  over  a  smaller  distance 
yielding  a  lower  degree  of  flocculation  (fig.  6).  The  reader 
is  referred  to  a  companion  paper  by  Lambe  (1958b)    dis- 
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Figure  9. — Sedimentation  from  a  peptized  and  a  flocculated  suspen- 
sion (van  Olphen  1963).  (A)  Peptized  suspension;  dense,  close- 
packed  sediment.  (B)  Flocculated  suspension;  loose  voluminous 
sediment. 


Clay  Fabric  and  Geoteclinical  Properties  of  Sediment  Cores 

-  ^        / 


\         / 


// 


f 


B 


Figure  10. — Various  modes  of  particle  association  (van  Olphen  1%3).  (A)  "Dispersed"  and  "defloccu- 
lated."  (B)  "Aggregated"'  but  "deflocculated."  (C)  EF  flocculated  but  "dispersed."  (D)  EE 
flocculated  but  "dispersed."  (E)  EF  flocculated  and  "aggregated."  (F)  EE  flocculated  and  "ag- 
gregated."    (G)  EF  and  EE  flocculated  and  "aggregated." 


are  possible  when  platelike  clay  particles  flocculate  (FF, 
face-to-face;  EF,  edge-to-face;  EE,  edge-to-edge).  Only  EE 
and  EF  types  of  particle  association  produce  agglomerates 
which  he  terms  "floes."  The  FF  association  is  termed  "aggre- 
gation" that  refers  not  only  to  several  FF  multilayer  par- 
ticles but  also  to  the  degree  of  unit-layer  stacking  in  a 
single  particle.  The  type  of  particle  association  actually 
produced  will  depend  strongly  on  the  physicochemistry  of 
the  suspension  during  sedimentation.  Apparently  all  of  the 
models  described  by  van  OljJien  have  not  been  found  for 
natural  sediments  (Moon  1972).  The  models,  however,  do 
afford  a  means  of  reference  for  the  study  of  fabric  in  natural 
clay-water  systems. 

Prior  to  1962,  a  few  fabric  studies  of  naturally  consoli- 


dated clayey  sediments  had  been  published  (Grim  and 
others  1957;  Kaarsberg  1959;  White  1961;  Meade  1961). 
In  an  excellent  review  of  particle  arrangement  during  com- 
paction (consolidation)  of  clayey  sediment,  Meade  (1964)' 
contended  that  there  was  meager  evidence  showing  that 
preferred  and  turbostratic  fabrics  are  formed  readily  and 
generally  during  natural  compaction  (consolidation)  al- 
though these  fabrics  could  be  reproduced  in  laboratory 
tests. 

Using  X-ray  diffraction  techniques,  Quigley  and  Thomp- 
son (1966)  found  that  reorientation  of  clay  platelets  oc- 
curred during  anisotropic  consolidation  of  Leda  marine  clay 
and  an  abrupt  increase  in  parallelism  occurred  at  pressures 
exceeding   the    preconsolidation    pressure.    In    undisturbed 
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samples,  reorientation  was  in  a  plane  perpendicular  to  the 
direction  of  the  major  principal  consolidation  pressure. 
Greater  particle  parallelism  was  produced  at  lower  pressures 
in  remolded  samples  relative  to  undisturbed  clays,  but  the 
fabric-versus-void  ratio  relationship  was  the  same  for  both 
undisturbed  and  remolded  samples.  Smart  (1967),  using 
artificially  prepared  kaolinite  samples  (mixed  with  distilled 
water)  and  techniques  of  electron  microscopy,  found  that 
the  unconsolidated  samples  exhibited  random  arrangements 
of  particles  or  of  small  groups  of  particles.  Failure  zones  in 
sheared  samples  showed  preferred  orientation  of  particles 
parallel  to  the  zone  of  shear.  Preferred  orientation  and  tur- 
bostratic  structure  developed  during  consolidation  testing. 
Smart  also  noted  that  nothing  similar  to  a  cardhouse  struc- 
ture or  salt  flocculated  fabric  was  observed  in  any  of  the 
tested  samples. 

Later  concepts  and  observations 

During  the  past  15  years,  studies  of  clay  fabric  have  been 
gaining  momentum  with  the  advent  of  the  electron  micro- 
scoi>e  (E.M.),  and  renewed  interest  has  resulted  in  numer- 
ous investigations  of  clay  particle  arrangements  in  sedi- 
ment by  direct  observation.  Rosenqvist  (1959)  set  the  stage 
for  E.M.  studies  of  clay  fabric  which  were  to  follow  in  the 
1960s.  Even  as  early  as  1947,  Hast  employed  the  transmis- 
sion electron  microscope  in  the  study  of  clays.  Although  his 
work  primarily  described  techniques,  the  study  pointed  out 
that  clay  consisted  of  small  plane  crystals  such  as  rounded 
plates  and  that  these  plates  were  placed  one  upon  the  other 
with  a  slight  displacement  of  each. 

Aylmore  and  Quirk  (1960)  proposed  the  term  "turbo- 
stratic"  arrangement  for  a  fabric  consisting  of  domains  or 
"stacks"  (Aylmore  and  Quirk  1959;  Sides  and  Barden 
1971) — also  referred  to  as  "tactoids,"  "packets,"  or  "clus- 
ters" of  clay  platelets — among  which  the  preferred  orienta- 
tion is  nearly  perfect  (figs.  11,  12).  Kell  (1964)  and  Sloane 
and  Kell  (1966)  described  a  clay  fabric  similar  to  the 
"turbostratic"  arrangement  but  witli  more  open  structure, 
which  they  called  bookhouse  fabric  or  book  structures  (fig. 
13).  Ingles  (1968)  referred  to  this  fabric  as  "card-house." 


Figure  12. — Perfect  "stack."   (Sides  and  Barden  1970) 


Figure  13. — Bookhouse  or  book  structure.  (Kell  1964  modi- 
fied; Sloan  and  Kell  1966) 

Evidence  supporting  this  "turbostratic"  type  fabric  was 
given  by  Rosenqvist  (1959)  although  the  term  had  not  been 
proposed  at  that  time.  Types  of  domains  were  described  by 
Sloane  and  Kell  (1966)  as  "books"  (fig.  14a)  and  by 
Smalley  and  Cabrera  (1969)  as  "stepped  face-to-face" 
(figs.  14b,  14c).  In  retrospect,  the  "stepped  face-to-face" 
appears  to  have  been  alluded  to  by  Hast  (1947)  and  the 
"book"  seems  to  be  equivalent  to  the  "aggregated"  particle 
described  by  van  Olphen  (1963) . 


B 


Figure  11. — "Turbostratic"  structure.  (Aylmore  and  Quirk 
1960) 


Figure  14. — Domain  structures  (from  Moon  1972).  A. 
"Book"  (Sloan  and  Kell  1966).  B  and  C.  "Stepped  face- 
to- face"  (Smalley  and  Cabrera  1969). 
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O'Brien  and  Harrison  (1967)  investigated  clay  flake 
orientation  in  a  sensitive  illitic  Pleistocene  marine  clay 
using  electron  microscopy.  Carbon  replicas  were  made  of 
air-dried  samples  and  examined  by  T.E.M.  Random  orien- 
tation of  clay  flakes  was  the  most  apparent  feature,  and  the 
silt  grains  appeared  to  float  in  the  clay  matrix.  They  con- 
cluded that  the  random  orientation  of  the  clay  flakes  was 
probably  caused  by  flocculation  in  a  saline  environment. 
The  fabric  of  highly  sensitive  clays  also  has  been  studied 
by  Karlsson  and  Pusch  (1967) . 

The  fabric  of  Ordovician  shale  and  mudstone  from 
Ontario  was  compared  with  post-Pleistocene  marine  de- 
posited clay  (Gillott  1969).  The  study  was  made  using  the 
petrographic  microscope  and  scanning  electron  microscope 
(S.E.M.).  Petrographic  microscopic  examination  of  the 
fissile  shale  indicated  a  strong  but  not  perfect  degree  of 
preferred  orientation  of  the  micaceous  particles.  Observa- 
tion of  the  mudstone  showed  little  to  no  preferred  orienta- 
tion among  platy  minerals.  At  low  S.E.M.  magnification 
(■~300X)  of  the  shale,  preferred  orientation  was  appar- 
ent; however,  at  higher  magnifications  ('~3,600X),  pre- 
ferred grain  orientation  was  less  apparent,  and  platy 
minerals  were  observed  to  be  arranged  at  large  angles  to 
the  fissility  of  the  shale.  Apparently,  fissility  in  some  shales 
does  not  require  perfectly  oriented  particles  but  rather  de- 
pends on  a  sufficiently  large  number  of  grains  with  parallel 
arrangement  to  establish  the  fissile  property.  Observations 
of  the  mudstone  with  the  S.E.M.  confirmed  the  light  micro- 
scopic observations  of  random  particle  orientation.  Scanning 
electron  micrographs  of  Leda  clay  revealed  random  particle 
orientation  in  some  samples  and  preferred  orientation  in 
others.  The  Leda  clay  samples  had  been  subjected  to  a 
natural  preconsolidation  of  about  490  kPa.  These  clays 
deposited  under  marine  conditions  would  be  expected  to 
exhibit  some  degree  of  random  arrangement  of  particles. 
However,  some  photographs  showed  that  the  orientation  was 
far  from  perfect  with  many  crystal  faces  and  edges  at 
oblique  angles. 

Strong  preferred  orientation  of  clay  particles  in  argil- 
laceous rocks  has  been  reported  by  several  investigators. 
White  (1961)  noted  that  random  orientation  of  clay  min- 
erals in  shales  resulted  in  poor  fissility,  whereas  fissile  shales 
show  clay  minerals  oriented  with  the  longest  dimensions 
parallel  to  the  bedding.  White  attributed  flocculation  in 
saline  environments  to  random  orientation  and  concluded 
that  in  a  sedimentary  environment  of  low  salt  concentration 
the  particles  would  settle  as  individual  particles  with  paral- 
lel orientation  ultimately  producing  a  well  developed  fissile 
shale.  Preferred  orientation  of  clay  particles  associated  with 
fissility  and  organic  material  in  shales  has  been  discussed 
by  GipsoR  (1965,  1966),  Odom  (1967),  and  O'Brien  (1968). 
Martin  (1965,  1966)  and  Martin  and  Ladd  (1970)  have 
discussed  techniques  for  determining  clay  particle  orien- 
tation by  X-ray  measurement.  , ,,  ) 


Electron  micrographs  of  clayey  submarine  sediment 
showed  that  major  reduction  in  void  ratio  was  possible  at 
low  pressure  during  consolidation  tests  (Bowles  and  others 
1969 ) .  At  pressures  of  49  kPa  the  fabric  exhibited  an  open 
but  random  arrangement  of  particles,  and  at  392  kPa  with  a 
void  ratio  of  1.3  the  fabric  consisted  of  a  denser  packing  of 
clumps  and  packets  of  particles  with  an  overall  random  ap- 
pearance. This  would  correspond,  apparently,  to  a  turbo- 
stratic  type  fabric.  Samples  consolidated  to  3138  kPa  and 
6276  kPa  revealed  a  high  degree  of  parallelism  among 
particles  with  some  randomly  arranged  particles.  In  an 
earlier  study  of  submarine  sediments,  Bowles  (1968b)  con- 
cluded that  the  clay  particle  arrangements  of  the  undis- 
turbed sediment  closely  resembled  Terzaghi's  (1925a) 
"honeycomb"  structure. 

Ingles  (1968)  showed  schematically  how  the  "card- 
house"  fabric  could  change  (particle  reorientation)  during 
the  process  of  consoHdation  (fig.  15  and  15a).  A  reduction 
in  the  total  volume  of  the  voids  occurs  by  an  increase  in 
the  degree  of  particle  orientation.  Domains  are  considered 
to  form  and  increase  in  size  (fig.  15b)  along  the  virgin 
consolidation  curve  and  to  orient  wholly  in  a  face-to-face 
relationship  under  high  pressure  (fig.  15c).  During  con- 
solidation an  edge-to-edge  fabric  (tactoid  model,  fig.  16) 
would  experience  an  increase  in  the  area  and  number  of 
face-to-face  bonds  and  an  increase  in  tactoid  links.  Of  sig- 
nificance here,  his  "cardhouse"  fabric,  spelled  "card-house," 
consists  of  randomly  arranged  edge-to-face  domains  (excep- 
tion— fig.  15a)  rather  than  randomly  arranged  single  par- 
ticles as  proposed  in  early  concepts  of  clay  fabric  (fig.  17). 
This  fabric  is  essentially  the  same  as  the  "bookhouse"  fabric 


virgin 

compression 

cu 


(log)  pressure 

Figure   15. — Fabric  changes   during  consolidation   in   a  clay.    (From 
Ingles  1968) 
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Figure   16. — "Tactoid"'   structure.    (From   Ingles   1968) 


Figure  17. — "Card-house"  structure.   (From  Ingles  1968) 

of  Kell  (1964)  and  Sloane  and  Kell  (1966).  Ultrathin  sec- 
tion photomicrographs  of  clayey  submarine  sediment  have 
provided  strong  support  to  the  concepts  proposed  by  Ingles 
(1968)  for  consolidated  clay  sediment  (Bowles  and  others 
1969) . 

Barden  and  Sides  (1970)  investigated  the  engineering 
behavior  and  structure  of  selected  compacted  clay  samples. 
Samples  of  kaolin  compacted  both  wet  and  dry  of  optimum 
revealed  no  marked  difference  in  structure  but  had  the  turbo- 
stratic  structure  evident  at  high  magnifications  (using 
S.E.M.).  Low  magnifications  (visual  assessment)  revealed 
a  homogeneous  structure  wet  of  optimum  but  pelletlike 
macropeds  dry  of  optimum.  Similar  conclusions  about  com- 
pacted structure  were  made  by  Sloane  and  Kell  (1966)  and 
Smart  (1967).  Tovey  (1970)  made  constructive  criticism 
of  the  work  of  Barden  and  Sides  (1970)  and  stated  that 
particle  associations  in  undisturbed  kaolinite  had  slacks  of 
particles  in  face-to-face  arrangements. 

Cabrera  and  Smalley  (1971)  pointed  out  that  the  char- 
acteristic domain  structure  or  turbostratic  structure  formed 
in  compacted  kaolinite  soils  which  they  called  stepped  face- 
to-face  was  different  from  the  structure  of  relatively  undis- 
turbed kaolinite  systems.  Cabrera  and  Smalley  concluded 
that  bookhouse  stacks  (large  particles)  are  characteristic  of 
undisturbed  kaolinite  deposits  and  that  during  the  compac- 
tion processes  of  kaolinite  soil  from  an  undisturbed  condi- 
tion, several  events  occur: 


(1)  The  bookhouse  structure  is  disturbed  with  the  large 
kaolinite  particles  successively  broken,  ultimately  reaching 
the  true  particle  size  of  0.001  /xm.  The  smaller  the  particle 
size,  the  greater  the  particle  strength. 

(2)  Discrete  domains  reform;  however,  the  initial  regu- 
larity is  not  restored  and  stepped  structures  are  formed. 

(3)  Stepped  structure  is  predominant  through  compac- 
tion processes,  and  this  structure  becomes  the  form  of  par- 
ticle association.  The  stepped  structure  is  considered  char- 
acteristic of  compacted  kaolinite  soils,  and  the  bookhouse 
stacks  characteristic  of  undisturbed  kaolinite  deposits. 

Current  concepts  and  observations 

Intensified  interest  in  clay  microstructure  and  particularly 
clay  fabric  has  been  evident  since  about  1970.  The  acceler- 
ation of  research  has  been  due  not  only  to  the  numerous 
findings  and  observations  made  using  the  electron  micro- 
scope, but  also  more  significantly  to  the  general  overall 
realization  of  the  importance  or  influence  of  clay  micro- 
structure  on  the  engineering  behavior  and  the  fundamental 
nature  of  clayey  sediment.  Meetings  and  symposia  have  been 
devoted  almost  entirely  to  the  presentation  of  current  re- 
search on  clay  microstructure,  and  other  conferences  have 
included  microstructure  with  engineering  discussions  or 
with  clay  mineralogy  studies  in  general.  Excellent  studies 
were  presented  at  the  Southeastern  Asian  Conferences  on 
Soil  Engineering,  particularly  in  1970  and  1971;  the  Roscoe 
Memorial  Symposium,  1971,  Cambridge  University;  the  3rd 
International  Conference  on  Expansive  Soils,  1973,  Haifa, 
Israel;  The  Fourth  International  Working-Meeting  on  Soil 
Micromorphology,  Kingston,  Ontario,  Canada,  1973;  the 
Clays  and  Clay  Minerals  Conference,  1973,  Banff,  Canada; 
and  the  International  Symposium  on  Soil  Structure,  1973, 
Gotenburg,  Sweden.  The  earliest  studies  using  the  electron 
microscope  employed  the  transmission  election  microscope 
exclusively.  Recently,  the  scanning  electron  microscope  has 
been  employed  frequently  to  study  fraclured  si'rfaces  of 
clay  samples. 

Scanning  electron  microscope  studies  of  laboratory  sedi- 
mented  kaolinite  and  illite  revealed  little  difference  in  the 
gross  structure  of  either  kaolinite  or  illite  floccules  formed 
in  distilled  water  (high  clay  concentration)  and  in  salt 
water  (low  clay  concentration)  with  1  g/1  of  NaCl  (O'Brien 
1970b,  1971).  O'Brien  suggested  that  under  experimental 
conditions  the  double  layer  is  compressed  permitting  the 
clay  flakes  to  approach  one  another  closely,  resulting  in 
significant  van  der  Waals  forces  of  attraction.  Flat  flakes 
of  kaolinite  would  approach  each  other  in  a  parallel  posi- 
tion and  the  warped  illite  flakes  would  arrange  in  a  sub- 
parallel  position.  The  resulting  structures  would  '  a., 
oriented  arrangement  of  stepped  clusters  (figs.  18,  19). 
O'Brien  considered  the  honeycomb  concept  of  Terzaghi 
(1925a)  to  be  more  representative  of  the  observed  cla^ 
fabric  than  the  cardhouse  model  of  Casagrandr   i'1932)   and 
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Figure  18. — Stairstep  fracture  of  kaolite  minerals.  (O'Brien 
1971) 


Figure  19. — Stairstep  structure  of  illite  minerals.   (O'Brien 
1971) 

Tan  (1957,  1959),  but  the  fabric  was  found  to  be  more 
complex  than  depicted  by  the  early  diagrams.  Uncompressed 
flocculated  kaolinite  and  illite  was  considered  as  consisting 
of  a  very  porous  network  of  randomly  oriented  flakes  or 
clumps.  A  single  floccule  unit  of  kaolinite  had  numerous 
face-to-face  flakes  in  a  cluster  with  a  stairstep  arrangement. 
The  domains  may  be  oriented  at  any  angle  and  attached  in 
edge-to-face  arrangements.  This  representation  appears  quite 
similar  to  Lambe's  (1958)  concept  of  salt  flocculated  clays, 
although  he  did  not  "coin"  a  term  for  this  type  of  struc- 
ture. Smalley  and  Cabrera  (1%9)  also  described  a  similar 
fabric  called  "stepped  face-to-face."  O'Brien's  ( 1971 )  illite 
floccule  unit  consists  of  several  stepped  face-to-face  oriented 
flakes. 

During  S.E.M.  investigations  of  suspended  sediments  from 
the  Brazos  River,  Texas,  Mathewson  and  others  (1973,  and 
personal  communication)  observed  an  increase  in  floccule 
size  in  the  downriver  direction  which  corresponded  to  the 
increase  in  salinity.  Clay  particles  were  arranged  predomi- 
nantly in  face-to-face  contact  forming  a  shingle  type  floe. 
Also,  surficial  submarine  sediments  were  reported   to   be 


characterized  by  a  "shingle  house"  fabric  of  high  porosity. 
The  shingle  is  reported  to  become  relatively  large  upon 
contact  with  water  salinities  of  approximately  15%o  and 
while  the  large  shingle  is  in  suspension  it  behaves  as  a 
flexible  sheet  (similar  to  a  two-dimensional  form).  When 
a  large  sheet  experiences  turbulence  in  the  coastal  environ- 
ment, it  is  rolled  and  becomes  a  three  dimensional  thin 
shelled  floccule  (this  would  be  similar  to  a  crumpled  sheet 
of  paper).  Mathewson  (personal  communication)  also  hy- 
pothesizes that  the  "shingle  house"  sedimentary  fabric  unit 
behaves,  in  an  engineering  sense,  as  a  rigid,  thin  shelled 
structure.  He  suggests  that  this  fabric  would  explain  the 
apparent  "overconsolidation"  of  numerous  surficial  sub- 
marine sediments  and  would  be  compatible  with  the  engi- 
neering requirements  discussed  by  Lambe  (1953). 

A  study  of  shale  and  claystone  fabric  established  a  definite 
correlation  between  clay-flake  orientation  and  flssility 
(O'Brien  1970a).  Certain  organic  rich  black  shales  »*e- 
vealed  the  best  fissility  and  greatest  degree  of  preferred 
grain  orientation.  Shales  with  poor  to  moderate  fissility 
showed  gross  parallelism  of  flakes  with  areas  of  platelets 
dipping  at  angles  to  the  bedding.  Random  clay  flake  orien- 
tation was  observed  only  in  nonfissile  claystones. 

O'Brien  (1970a)  proposed  three  possible  means  of  pro- 
ducing parallel  orientation  of  clay  flakes  in  argillaceous 
rocks. 

(1)  Original  deposition  in  parallel  arrangements. 

(2)  Mechanical  rearrangement  and  orientation  during 
early  stages  of  compaction. 

(3)  Preferential  growth  of  layer  silicates  under  con- 
solidation. 

Geochemical  factors  affecting  parallel  orientation  of  clay 
grains  could  be  caused  by  the  presence  of  organic  mole- 
cules which  neutralize  surface  charges  of  the  clays  and  re- 
sult in  sedimentation  in  a  dispersed  state  (O'Brien  1970a). 
Also,  low  clay  concentration  and  low  rates  of  deposition 
may  result  in  sedimentation  in  a  dispersed  state  even  in 
the  presence  of  high  salinities  (Rosenqvist  1966).  Thus  well 
developed  fissility  in  shales  of  marine  origin  indicate  dilute 
clay  concentration  in  seawater.  Shales  with  poor  fissility  are 
interpreted  as  being  formed  by  the  collapse  of  a  flocculated 
clay  cardhouse  structure  through  processes  of  consolidation 
following  deposition  of  high  clay  concentrations  in  seawater 
during  sedimentation  (O'Brien  1970a).  The  reader  is  re- 
ferred to  a  paper  by  Heling  (1970)  discussing  the  structure 
of  shales  and  particle  rearrangement  during  consolidation. 

A  noted  change  from  the  early  ideas  of  clay  fabric  was 
realized  by  the  pronounced  increase  in  the  observations, 
studies,  and  publications  discussing  and  describing  the 
presence  of  compound,  multiplate  particles  such  as  domains, 
aggregates,  and  crumbs  which  contrasted  sharply  with  the 
early  concepts  of  single  clay  particle  fabric.  These  observa- 
tions were  made  by  soils  scientists  as  well  as  engineers  and 
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geologists  (Pusch  1970;  Barden  and  others  1970;  Burn- 
ham  1970;  Green-Kelly  and  Mackney  1970;  Yong  1972: 
Barden  1972;  Smart  1972;  Moon  1972;  Rao  1972;  Bennett 
and  Bryant  1973;  McConnachie  1974;  Collins  and  McGown 
1974).  The  importance  of  domains  and  compound  multi- 
plate  particles  in  general,  were  clearly  recognized  as  an  im- 
portant aspect  of  clay  fabric.  The  influence  of  compound 
particles  on  the  engineering  behavior  of  sediment  was 
studied  by  several  of  the  above  investigators.  The  majority 
of  the  current  studies  of  day  fabric  have  not  failed  to  rec- 
ognize the  presence  of  multiplate  particles  in  various  sedi- 
ment types. 

Yong  (1972)  discussed  the  concept  of  the  mechanics  of 
crumb-particle  interaction  and  particle  orientation  under 
load.  The  crumb  is  considered  equivalent  to  the  aggregate 
having  finite  particle  shape  and  structural  integrity  (fig.  20) . 


-~<^y  irrr.}. ..rrr," 

initial  stress— initial  reorientation 
of  crumbs 


further  stress — accentuated  preferred 
orientation  of  crumbs 


high  stress — orientation  of  crumbs  and 
particles  within  crumbs 

Figure  20. — Crumb  structure  and  particle  orientation  under 
load    (relative).    (Yong  1972) 


A  sequence  performance  of  particle-crumb  interaction  under 
load  is  given  as  follows : 

(1)  Rearrangement  and  reorientation  of  crumbs  (aggre- 
gates) with  no  significant  distortion  within  the  crumbs. 

(2)  Further  loading  producing  an  accentuation  of  re- 
orientation. Types  of  pseudoanisotropy  effects  may  occur 
due  to  crumb  alignment. 

(3)  Crumb  distortion  and  volume  change  at  high  stresses. 

Although  Yong  (1972)  claimed  that  this  sequential  per- 
formance can  be  confirmed  from  fabric  analysis,  he  did  not 
assign  specific  stress  conditions  (specific  loads)  to  the 
process  during  loading.  The  importance  of  this  concept, 
however,  is  that  crumbs  or  aggregates  are  considered  to 
respond  initially  at  low  loads  with  essentially  little  or  no 
single-particle  reorientation,  and  at  higher  loads  the  crumbs 
distort  and  single  particles  begin  to  reorient  in  response  to 
the  imposed  stress  conditions. 

The  microstructure  of  artificially  dispersed  and  flocculated 
kaolinite,  illite,  and  montmorillonite  was  investigated  (Sides 
and  Barden  1971).  Dispersed  samples  are  prepared  using 
sodium  oxalate  and  consolidated  with  a  uniaxial  load  of 
29.4  kPa  and  air  dried.  Calcium  hydroxide  was  used  as  the 
flocculating  agent,  and  these  samples  were  also  consolidated 
under  the  same  load  as  the  dispersed  samples.  Dispersed 
kaolinite  revealed  a  well-oriented  structure,  whereas  floc- 
culated kaolinite  showed  smaller  domains  and  random  orien- 
tation. Although  the  flocculated  kaolinite  showed  orienta- 
tion of  grains,  a  tendency  of  horizontal  bedding  was  ob- 
served, and  the  samples  were  described  as  having  a  turbo- 
stratic  structure.  Dispersed  illite  showed  well-oriented  grains, 
and  some  flakes  were  found  to  form  a  "skin"  around  silt  par- 
ticles. This  "skin"  was  described  earlier  by  Brewer  (1964) 
and  Burnham  (1970).  The  flocculated  illite  structure  v/as 
definitely  random  with  some  local  areas  of  oriented  par- 
ticles. There  was  a  marked  scarcity  of  single  edge-to-face 
contacts  indicative  of  a  cardhouse-type  fabric.  The  overall 
structure  was  simply  described  as  salt  flocculated.  Sides  and 
Barden  (1971)  found  that  illite  was  more  strongly  affected 
by  dispersing  and  flocculating  agents  than  was  kaolinite. 
The  effects  of  chemical  additives  on  montmorillonite  were 
foimd  to  be  similar  to  their  effect  on  illite,  but  details  of 
the  structure  were  impossible  to  distinguish.  Montmorillonite 
particles  were  observed  to  curl  at  their  edges.  This  possibly 
was  caused  by  preparation  techniques.  Yong  (1972)  has 
shown  that  if  dehydration  of  the  sample  is  not  performed 
correctly,  the  fabric  obtained  is  misleading  and  misrepre- 
sented. When  montmorillonite  or  bentonite  are  air-dried, 
the  fabric  produced  is  the  so-called  "cornflake  structure"  of 
curled  clay  platelets.  This  effect  was  shown  earlier  also  by 
Sloane  and  Diamond  (1970) . 

Sides  and  Barden  (1971)  concluded  that  as  clay  particle 
size  is  reduced,  the  effect  of  chemical  additives  becomes 
more  effective  in  producing  dispersed  or  flocculated  struc- 
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tures.  Thus,  illite  showed  greater  effects  due  to  chemical 
additives  than  did  kaoHnite,  and  no  definite  conclusions 
were  reached  for  montmorillonite  due  to  its  extremely  small 
size  rendering  interpretation  difficult.  Bhaskaran  (1972)  in 
a  reply  to  Sides  and  Barden  (1971)  stated  that  the  degree 
of  orientation  of  clay  particles  is  a  function  of  the  type  of 
clay  particles,  percentage  of  chemical  agent  present,  its  in- 
fluence on  the  clay,  and  the  consolidation  pressure.  KaoHnite 
tends  to  align  into  parallel  arrays  with  less  resistance  than 
other  clays,  and  kaolinite  may  require  a  different  quantity 
of  flocculating  agent  to  show  significant  effects. 

Rao  (1972),  in  a  reply  to  Sides  and  Barden  (1971), 
pointed  out  that  calcium  hydroxide  was  a  very  poor  choice 
of  flocculating  agent  to  use  in  the  study  of  clay  fabric  be- 
cause its  attack  on  certain  clay  minerals  (kaolinite  and 
montmorillonite)  causes  hydrolysis  of  Si-O-Si  bonds  in  the 
silica  tetrahedron  with  the  formation  of  films  of  calcium- 
silicate  compounds  at  the  particle  surfaces.  Obviously,  the 
use  of  strong  chemicals  in  the  treatment  and  preparation  of 
clays  for  fabric  studies  of  either  natural  or  artificially  pre- 
pared and  sedimented  material  may  produce  unnatural 
physicochemical  conditions  and  questionable  fabrics  if 
compared  with  naturally  formed  clay  fabrics. 

An  excellent  study  was  made  of  the  microstructural 
changes  in  a  marine  quick  clay  at  failure  (Pusch  1970). 
Electron  micrographs  revealed  that  the  clay  was  character- 
ized by  a  very  porous  network  of  dense  aggregates  connected 
by  links  of  particles  (fig.  21).  During  initial  failure  (un- 
confined  compression  tests),  link  distortions  were  developed. 
Aggregates  apparently  moved  as  units  in  connection  with 
deformation  of  their  links.  At  high  shear  stresses,  motion  of 
the  aggregates  caused  large  deformations  of  connecting  links. 
This  resulted  in  parallel  orientation  of  the  linking  particles 
(fig.  22).  Remolding  causes  successive  breakdown  of  aggre- 
gates and  a  decrease  in  shear  strength.  According  to  Pusch, 
the  shear  process  is  probably  governed  by  the  action  of  the 
aggregates,  and  their  rigidity  may  be  due  to  the  small  dis- 
tance between  individual  particles.  The  high  viscosity  of 
water  surrounding  an  aggregate  relative  to  the  viscosity  of 
the  free  pore  water  together  with  the  strong  bonding  of  the 
closely  spaced  particles  composing  an  aggregate  result  in 
considerable  rigidity  (Pusch  1970).  A  fabric  characterized 
by  a  linkage  of  groups  or  chains  of  small  particles  between 
floes  and  aggregates  was  found  earlier  by  Pusch  (1966)  for 
a  quick  clay. 

Studies  of  the  New  Liskeard  varved  clay  from  Ontario 
revealed  a  flocculated  open  soil  structure  atypical  of  de- 
posits expected  for  cold,  fresh  melt  waters  of  glacial  lakes 
in  which  a  dispersed  condition  would  be  most  likely  (Quig- 
ley  and  Ogunbadejo  1972).  The  clay  was  found  to  have  a 
preconsolidation  pressure  in  excess  of  the  overburden  pres- 
sure. Relatively  slow  sedimentation  rates,  bond  development 
such  as  cementation  by  carbonates,  and  significant  van  der 


aggregate 


Figure  21. — Structure  of   a  marine   quic)<   clay   depicting  aggregates 
and  links  prior  to  compression  (shear  deformation).   (Pusch  1970) 


Figure  22. — Structure  of  a  marine  quick  clay  depicting  breakdown  of 
links  resulting  in  domain  formation  and  orientation  of  linking 
grains  'same  as  fig.  21  after  shearing).   (Pusch  1970) 

Waals  forces  were  attributed  to  the  overconsolidated  char- 
acteristic. Comparison  of  the  New  Liskeard  clay  with  soft 
stratified  glacial  sediments  from  Welland  Ontario  (similar 
composition )  indicated  that  the  New  Liskeard  clay  had 
different  properties.  Platelet  parallelism  was  considered  to 
be  due  to  faster  sedimentation  and  compression  rates 
together  with  an  insignificant  degree  of  bond  development 
for  the  Welland  clay. 
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Kirkpatrick  and  Rennie  (1972)  reported  on  the  fabric 
of  laboratory  consolidated  kaolin  as  observed  by  electron 
microscopy.  Although  the  samples  were  air  dried,  the  fabric 
was  assumed  to  be  representative  of  the  wet  samples.  With 
these  reservations  in  mind,  the  results  indicated  that  kaolins 
consolidated  under  isotropic  conditions  had  an  isotropic 
structure  with  the  clay  particles  oriented  at  random.  Kaolin 
samples  consolidated  anisotropically  were  found  to  have  a 
strongly  oriented  structure  with  the  clay  particles  oriented 
at  right  angles  to  the  direction  of  the  principal  stress. 

The  increasing  observational  evidence  suggests  that  single 
clay  particle  fabric  of  sediment  is  not  wholly  tenable  and 
that  sediment  fabric  is  more  accurately  represented  by 
domain,  aggregate  and  linking  chain  particle  arrangements. 
Models  of  clay  fabric  are  beginning  to  emerge  with  these 
more  recent  observations  and  concepts  in  mind  (Moon  1972; 
Yong  and  Sheeran  1973;  Collins  and  McGown  1974).  A 
model  of  clay  particle  arrangement  for  unconsolidated  versus 
consolidated  sediment  representing  flocculated  and  dis- 
persed conditions  has  been  proposed  by  Moon  (1972).  Con- 
ceptually the  model  accounts  for  the  basic  domain  particle 
interaction  during  consolidation  with  particle  alignment  of 

flocculated 


fresh 
clay 


domains  toward  preferred  orientation  (fig.  23).  As  consoli- 
dation proceeds,  more  particles  are  incorporated  into  each 
domain.  Domains  are  of  the  "book"  and  "stepped  face-to- 
face"  type. 

Fabric  unit  interaction  and  classification  were  recently  dis- 
cussed for  the  purpose  of  predicting  response  soil  behavior 
and  for  the  development  of  fabric  models  which  more  closely 
approach  a  physical  description  of  real  sedimentary  mate- 
rial (Yong  and  Sheeran  1973).  Fabric  units  were  defined  as 
groups  of  particles,  the  "fabric  unit"  which  includes  crumbs, 
aggregates,  clusters,  floocules,  domains,  and  finally  particles 
which  are  grouped  into  domains.  Yong  and  Sheeran  stressed 
the  importance  in  recognizing  the  "fabric  unit"  as  consist- 
ing of  multiple  particles  in  the  majority  of  cases  rather 
than  single  particle  arrangements  making  up  the  basic  struc- 
ture of  sediment. 

Although  specifics  of  each  paper  presented  at  the  Inter- 
national Symposium  on  Soil  Structure,  Gothenburg,  1973, 
are  too  numerous  to  mention  here,  the  meeting  covered  four 
basic  themes  of  interest:  (1)  Techniques  of  observation  and 
methods  of  quantification;  (2)  macro-  and  microstructure 
of  soils;  (3)  physicochemical  processes  that  affect  soil  struc- 
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FicuRE  23. — A  proposed  scheme  of  particle  arrangement  in  clay  sediments  (from  Moon  1972).  (A) 
Open,  random  arrangement  of  domains  of  two  to  three  particles  per  packet.  (B)  Parallel  or 
subparallel  arrangement  of  domains  of  two  to  three  particles  per  packet.  (C)  Increased  parallelism 
and  more  particles  incorporated  into  each  domain  than  in  A,  i.e.,  mudstone.  (D)  Complete  parallel- 
ism and  more  particles  per  packet  than  in  B,  i.e.,  shale. 
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ture  and  vice  versa;  and   (4)   mechanisms  of  deformation 
and  failure. 

Barden  (1973)  summarized  the  various  factors  important 
in  the  development  of  soil  structure : 

( 1 )  The  electrochemical  environment  at  the  time  of  depo- 
sition, as  in  hypersaline,  marine,  brackish,  or  fresh  water. 
These  factors  are  considered  to  have  the  dominant  influence 
on  the  final  structure. 

(2)  Changes  in  stress  during  loading  and  unloading 
which  leads  to  the  collapse  of  the  initial  structures  and  the 
development  of  preferred  orientation  of  the  fabric. 

(3)  In  some  case.s,  the  effects  of  chemical  and  physical 
weathering  may  be  strongly  disruptive  and  remove  effects 
of  overconsolidation. 

Barden  also  summarized  the  important  general  conclu- 
sions that  have  resulted  from  recent  observations  of  sedi- 
ment microstructure : 

(1)  The  single  particle  behavior  is  very  rare,  and  the 
"cardhouse"  particle  arrangements  are  a  theoretical  ideal- 
ization of  fabric  rather  than  a  common  characteristic.  Clay 
plates  are  usually  aggregated  in  some  fashion,  and  this 
observation  confirms  the  suggestion  by  Yong  that  the  single 
plate  theory  may  be  relevant  to  dilute  colloid  suspensions, 
but  it  does  not  apply  generally  to  natural  clays.  This  concept 
of  multiple  plates,  according  to  Barden,  may  suggest  some 
resemblance  between  clays  and  granular  soils. 

(2)  Flocculated  structure  may  result  following  sedimen- 
tation in  marine,  brackish,  or  fresh  water,  and  the  degree 
of  openess  of  the  fabric  is  influenced  by  the  mineralogy,  clay 
plate  size,  and  amount  and  angularity  of  the  silt  particles 
present.  Consolidation  causes  collapse  of  the  bookhouse 
fabric  into  a  turbostratic  fabric  which  may  result  in  hori- 
zontal orientation.  Arching  effects  can  maintain  areas  or 
pockets  of  open  flocculated  structures. 

(3)  The  greatest  single  factor  which  influences  the  final 
structure  of  a  clay  is  considered  to  be  the  electrochemical 
environment  at  sedimentation  and  its  effect  in  establishing 
a  flocculated  or  dispersed  structure. 

Although  there  are  many  factors  involved  in  the  develop- 
ment of  soil  structure,  Barden  claims  that  the  study  of  micro- 
structure  is  very  important  in  understanding  and  linking  the 
geological  processes  involved  in  the  development  or  forma- 
tion of  the  soil  (sediment)  and  its  geotechnical  properties. 

Smart  (1973)  has  given  a  comprehensive  review  of  the 
statistics  of  fabric  analysis  as  observed  by  electron  micro- 
scopy. He  has  discussed  various  methods  for  statistical 
analysis  of  particle  size  and  orientation  for  both  three- 
dimensional  and  two-dimensional  cases  for  clay  fabric. 

A  study  was  recently  published  on  the  microfabric 
features,  their  form  and  function,  in  various  natural  sedi- 
ments (Collins  and  McGown  1974).  The  types  of  sediment 
studied  included  marine  water,  brackish  water,  fresh  water, 
floodplain,  lacustrine,  aeolian,  and  glacial  deposits.  The  ob- 


jectives were  to  delineate  the  particular  types  of  fabric,  to 
establish  if  earlier  concepts  of  particle  arrangement  were 
realistic,  and  to  observe  if  the  specific  fabrics  were  asso- 
ciated with  particular  depositional  environments.  An  addi- 
tional objective  was  to  determine  if  particular  fabrics  and 
particle  arrangements  were  associated  with  specific  engineer- 
ing behavior  of  the  sediment.  Scanning  electron  microscopy 
was  employed  to  investigate  the  fabric,  and  the  samples 
were  prepared  using  the  air-dry-fracture-peel-coat  technique 
described  by  Barden  and  Sides  (1971).  Although  the  air- 
dry  technique  is  highly  suspect  in  preserving  the  fabric  of 
undisturbed  sediment,  the  investigators  apparently  assumed 
that  this  factor  was  not  critical. 

Collins  and  McGown  (1974)  claim  that  the  widespread  as- 
sumptions of  unique  relationships  between  microfabric,  mode 
of  deposition,  and  depositional  environment  were  not  sub- 
stantiated by  their  study;  however,  they  found  that  there 
may  be  a  dominant  fabric  feature  or  set  of  features  char- 
acteristic of  any  one  sediment.  Commonly,  different  types 
of  microfabrics  were  observed  in  any  one  type  of  sediment. 
The  dominant  microfabric  features  characteristic  of  par- 
ticular sediments  were  associated  with  the  engineering  prop- 
erties such  as  sensitivity,  collapse  and  expansion.  The 
medium  sensitive  to  extra  quick  sediment  was  characterized 
by  particle  arrangements  of  the  bookhouse  and  stepped 
flocculated  fabrics,  and  a  type  called  "partly  discernable 
particle  arrangements."  Turbostratic  arrangements  were 
observed  in  the  medium  sensitive  sediment.  All  sensitive 
material  had  clay  matrices.  The  very  sensitive  quick  clays 
from  Norway  often  had  connector  and  irregular  aggregation 
assemblages.  Linkages  between  aggregations  were  cora|>osed 
of  a  number  of  the  connector  assemblages.  Other  medium 
sensitive  clays  from  various  localities  had  interweaving 
bunches  that  tended  to  be  oriented  towards  the  horizontal. 
Aggregation  assemblages  were  observed  in  some  sediment 
of  medium  sensitivity.  Connector  assemblages  were  very 
infrequent  in  the  low-medium  sensitive  sediment. 

Collapsing  sediment  of  usually  silt,  clay,  sand,  or  till  de- 
posits contained  elementary  particle  arrangements  of  fine 
silt  and  clay  particles  arranged  in  various  configurations. 
The  "partly  discernable  type  fabric"  was  also  present  in 
these  sediments,  and  the  "onion  skin"  fabric  which  the  in- 
vestigators called  the  "clothed  grain-grain"  was  observed. 
Connector  assemblages  were  common  in  these  sediments, 
and  the  granular  particle  matrices  were  predominant.  Reg- 
ular aggregations  were  observed  in  the  collapsing  sediments, 
but  their  occurrence  was  rare  in  the  loess  material. 

Collins  and  McGown  (1974)  observed  that  in  the  expan- 
sive sediment  studied,  the  predominant  microfabric  was  the 
clay  particle  matrix  assemblages,  although  fabric  types  in- 
cluded the  connector  and  honeycomb  fabric  and  the  "clothed 
grain-grain"  contact  features. 

Clearly,  various  types  of  fabric  were  observed  by  Collins 
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and  McGo^vTi  (1974)  in  the  sediments  studied,  and  specific 
types  of  fabric  were  present  in  numerous  sediments;  how- 
ever, certain  fabrics  seemed  to  be  characteristic  (pre-domi- 
nant)  of  types  of  sedimentary  material.  The  study  points 
out  that  many  of  the  particle  arrangements  and  assemblages 
present  in  natural  sediment  have  not  been  observed  in  lab- 
oratory prepared  monomineralic  clays  and  that  laboratory 
test  specimens  may  not  possess  the  same  fabric  as  occurs  in 
natural  sediment.  The  study  also  included  description  of 
the  pore  space  of  the  sedimentary  material  following  closely 
the  classification  of  Brewer  (1964)  and  Bochko  (1973). 

As  an  integral  part  of  the  study  of  microstructure  in 
general,  several  investigators  recently  have  been  researching 
the  characteristics  of  pores  and  pore  systems  in  sediments 
and  rocks  (Diamond  1970;  Timur  and  others  1971;  Sarkis- 
yan  1971;  Bochko  1973).  The  scanning  electron  microscope 
has  been  the  basic  tool  for  much  of  the  research  on  i>ores. 

Recently,  McConnachie  (1974)  reported  on  the  fabric 
changes  induced  by  laboratory  consoHdation  of  monomi- 
nerahc  kaolin  prepared  by  mixing  at  a  moisture  content  of 
250  percent.  The  original  void  ratio  (ratio  of  the  volume 
of  the  voids  to  the  volume  of  the  solids)  was  about  5.5. 
The  material  was  consolidated  over  a  range  of  about  0.1 
to  100,000  kPa.  A  strong  inflection  in  the  void  ratio  versus 
the  logarithm  of  pressure  occurred  at  14.7  kPa  creating  two 
linear  portions  of  the  curve.  The  original  clay  fabric  was 
characterized  by  edge-edge  and  edge-face  contacts  among 
domains.  As  the  pressure  was  increased,  the  domains  ro- 
tated and  became  more  closely  packed,  and  at  approximately 
14.7  kPa  the  domains  became  reduced  in  size.  This  change 
in  domain  size  was  attributed  to  a  slippage  of  particles  in 
face-to-face  contact  during  rotation  of  the  domains  as  con- 
solidation proceeded.  The  change  in  behavior  of  the  domains 
at  the  pressure  of  14.7  kPa  is  attributed  to  the  collapse  of 
the  clay  fabric  and  is  considered  to  correspond  to  the  highest 
pressure  at  which  inter-domain  and  interparticle  physico- 
chemical  forces  can  be  sustained.  The  fundamental  change 
in  the  mechanism  of  consolidation  occurred  between  9.8 
kPa  and  98  kPa.  Apparently,  most  of  the  increase  in  par- 
ticle orientation  was  complete  at  about  9.8  kPa.  The  domains 
were  observed  to  move  closer  together  at  higher  pressures 
but  with  no  significant  change  in  orientation.  At  about 
100,000  kPa  the  orientation  of  the  domains  showed  a  degree 
of  orientation  far  from  perfect  with  the  mean  angle  of  22  de- 
grees between  domains.  Apparently,  the  greatest  degree  of 
particle  orientation  occurred  in  the  low  pressure  level,  and 
little  increase  in  orientation  occurred  even  at  very  high 
loads.  The  sediment  investigated,  however,  was  relatively 
pure  kaolinite,  laboratory  prepared  at  a  specific  water  con- 
tent, and  thus  the  fabric  and  material  engineering  behavior 
may  not  be  representative  of  naturally  occurring  sedimen- 
tary material. 


Summary 

The  early  concepts  and  studies  of  clay  fabric  beginning 
with  Terzaghi  (1925a),  and  Goldschmidt  (1926),  Casa- 
grande  (1932),  and  Lambe  (1953,  1958a)  provided  the 
impetus  for  a  large  number  of  clay  fabric  studies  employ- 
ing X-ray  and  high  resolution  electron  microscopy  tech- 
niques depicting  the  actual  arrangements  and  orientation  of 
clay  particles  (fabric)  ;  the  "building  blocks"  of  soil  struc- 
ture. The  importance  of  physiococliemical  factors  on  particle 
arrangements  in  soils  has  been  discussed  by  Winterkom 
(1948),  Bolt  (1956),  Lambe  (1958a),  Rosenqvist  (1959, 
1962),  and  Buchanan  (1964).  They  have  clearly  shown  that 
the  physicochemical  factors  involved  in  the  formation  of 
sedimentary  deposits  cannot  be  divorced  from  the  physical 
and  mechanical  aspects  for  a  complete  assessment  of  soil 
formation,  diagenesis,  engineering  properties,  and  fabric 
analysis. 

The  importance  of  fabric  in  determining  the  physical 
properties  and  engineering  behavior  of  sediments  has  been 
clearly  established.  For  further  discussions  concerning  sedi- 
ment structure  interrelationships  with  the  physical  proper- 
ties, the  reader  is  referred  to  papers  by  Mitchell  and  Houston 
(1969),  Houston  and  Mitchell  (1969),  and  Torrance  (1970). 
A  detailed  study  on  bonding  and  effective  stress  and  strength 
of  soil  (Mitchell  and  others  1969)  followed  by  later  studies 
(Andersland  and  others  1970;  Singh  1970;  Mitchell  and 
others  1971)  has  clearly  revealed  the  importance  of  these 
factors  on  the  microstructure  of  soils.  Olson  and  Mesri 
(1970)  discussed  the  influences  of  both  the  mechanical  and 
physicochemical  mechanisms  important  in  the  compressi- 
bility of  clays. 

A  few  typical  fabric  types  have  been  classified  as  honey- 
comb, cardhouse,  turbostratic,  bookhouse,  and  stairstepped. 
Recently,  studies  have  revealed  that  the  single  plate  con- 
cepts of  fabric  are  not  wholly  tenable  and  that  the  multiple 
unit,  domain-type  fabrics  are  the  rule  for  most  sediments. 
The  unlimited  variation  in  particle  size,  shape,  and  com- 
position coupled  with  the  depositional  environment,  physico- 
chemistry,  and  transportation  of  sedimentary  detritus 
through  changing  environmental  conditions,  all  increase  the 
complexity  and  the  ultimate  nature  of  the  sediment  fabric 
of  a  particular  sedimentary  deposit.  A  paucity  of  data  and 
information  on  clay  fabric  of  submarine  sediment  exists, 
and  only  a  few  studies  of  the  fabric  of  natural  sedimentary 
material  have  been  made.  Numerous  studies  have  dealt 
with  the  fabric  and  engineering  behavior  of  laboratory  pre- 
pared material.  Qualitative  and  ultimately  quantitative  as- 
sessment of  sediment  fabric  and  microstructure  of  naturally 
occurring  sediments  could  result  in  predictions  of  the  en- 
gineering behavior  of  clay  sediments,  a  clearer  understand- 
ing of  the  geotechnical  properties,  and  a  much  better  under- 
standing of  complex  sedimentological  processes. 
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Geologic  Setting  and  Sampling 


This  study  of  clay  fabric  and  geotechnical  properties  of 
submarine  sediment  is  confined  to  a  selected  area  of  the 
Mississippi  Birdfoot  prodelta  depositional  environment  (fig. 
24).  The  sediment  cores  investigated  were  recovered  from 
water  depths  ranging  from  67  to  73  m  with  a  lateral  sepa- 
ration of  approximately  610  m.  The  cores  are  referred  to  as 
B— 1,  B— 2,  and  B-3  in  this  study.  Detailed  analyses  were 
restricted  to  cores  B-1  and  B— 2;  core  B— 3  was  used  for 
supplemental  mass  physical  properties  data.  The  Birdfoot 
Delta  is  the  most  modern  depositional  area  of  the  Mississippi 
Delta  complex.  Sediments  are  prograding  seaward  deposit- 
ing clays  and  silty  clays  in  the  prodelta  environment. 


General  Geology 

Sediments  of  the  Mississippi  Delta,  particularly  the  pro- 
delta  and  adjacent  shelf  area  sediments,  are  dominantly 
clay.  The  Mississippi  River  discharges  approximately 
4.54  X  10"  kg  of  sediment  annually  into  the  Gulf  of  Mexico 
with  a  contribution  of  about  30%  sand,  30%  silt,  and 
40%  clay  size  material  (Coleman  and  Wright  1974).  Sand 
that  reaches  the  Mississippi  Birdfoot  Delta  consists  of  fine 
to  very  fine  material  which  is  deposited  largely  on  the  dis- 
tributary-mouth bars.  Silts  and  clays  are  deposited  largely 
in  the  prodelta  and  deeper  Gulf  floor  environments.  The  Mis- 
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Figure  24. — General  study  area — Mississippi  Birdfoot  Delta.   (From  Shepard  1956) 
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sissippi  River  has  changed  course  several  times,  and  in 
doing  so  it  has  constructed  and  abandoned  several  deltas 
which  form  the  broad  Mississippi  Deltaic  Plain.  The  last 
major  course  change  occurred  approximately  450  years  ago 
and  resulted  in  the  modern  Birdfoot  Delta  which  is  the 
only  delta  within  the  Deltaic  Plain  that  was  constructed  in 
deep  water  (Fisk  and  McClelland  1959).  Sediments  of  the 
modern  Delta  have  prograded  across  a  thick  section  of 
older  shelf  and  prodelta  clays. 

Prodelta   depositional   environments 

Fisk  and  McClelland  (1959)  delineated  three  general 
facies  of  the  prodelta  depositional  zone  that  appear  to  be 
indicative  of  subenviromnents  of  the  more  general  prodelta 
depositional  environment.  These  sediment  facies  are  charac- 
terized as  follows: 

(1)  Delta  front  facies,  shallow  inner-neritic  zone.  De- 
position in  less  than  18  m  of  water;  dominantly 
massive  silty  clays. 

(2)  Mid-neritic  prodelta  zone  facies,  deeper  water. 
Deposition  in  the  water  depths  ranging  between 
18  and  76  m;  more  massive  clays  than  in  delta 
front  facies  deposits;  characterized  by  delicate 
laminations. 

(3)  Outer-neritic  zone  prodelta  facies.  Deposition  in 
water  depths  greater  than  76  m;  sediments  consist 
of  massive  clays  with  only  faint  laminations. 

The  prodelta  deposits  of  the  subenvironments  are  charac- 
terized also  by  specific  faunal  remains  and  the  presence  or 
general  absence  of  plant  debris.  Sediments  collected  for  this 
study  were  cored  near  the  seaward  adge  of  the  mid-neritic 
prodelta  zone. 

Clay   mineralogy 

The  clay  mineral  composition  of  recent  sediments  from 
the  Mississippi  River  Delta  and  adjacent  offshore  areas 
has  been  reported  by  Johns  and  Grim  (1958).  The  study 
was  restricted  primarily  to  the  area  bordering  the  Mississippi 
Birdfoot  Delta  on  the  east.  Studies  were  made  of  a  few 
samples  farther  offshore.  Montmorillonite  was  reported  as 
the  dominant  clay  mineral  in  the  Delta  region,  and  it  was 
suggested  that  this  mineral  represented  sediment  contribu- 
tion from  the  drainage  basin  of  the  Missouri  River  system. 
Small  amounts  of  illite  and  chlorite  were  considered  as  the 
approximate  contribution  of  the  drainage  from  the  Ohio 
River  system. 

Fisk  and  McClelland  (1959)  discussed  the  clay-sized 
mineral  assemblage  carried  by  the  Mississippi  River.  Mont- 
morillonite was  reported  to  dominate  and  kaolinite,  illite, 
quartz,  and  feldspar  v/ere  present  in  smaller  quantities. 
Although  quartz  and  feldspar  are  not  clay  minerals,  they 
were  reported  as  being  present  in  the  clay  size  fraction 
of  the  sediment  transported  by  the  river.  Fine-grained  sedi- 


ments, particularly  clays,  are  not  only  deposited  in  the  near- 
shore  environments  but  are  also  carried  many  kilometers 
offshore  in  large  plumes  of  turbid  water. 

General   core  lithology 

The  general  lithology  of  the  cores  investigated  during 
this  study  is  characterized  by  a  massive,  relatively  hard, 
gray,  old  submarine  clay  which  occurs  at  depths  of  ap- 
proximately 85  m  below  the  mudline  to  depths  greater  than 
152  m  (fig.  25).  This  gray  clay  is  overlain  by  26  m  of 
fine  sand  between  85  and  59  m  below  the  mudline.  The 
sand  forms  the  broad  and  extensive  strand  plain  deposit 
of  Pleistocene  age.  The  strand  plain  sands  form  the  base 
of  the  overlying  fine-grained  clays  of  the  premodern  and 
modern  deposits  of  the  Mississippi  River  (Coleman  and 
Wright  1974).  The  section  of  premodern  and  modern  gray 
submarine  clay  is  59  m  thick  ranging  in  depth  from  the 
mudline  to  the  top  of  the  sand. 

The  premodern  clays  overlying  the  strand  plain  sands 
were  deposited  in  a  thick  onlap  sequenf^e  in  response  to 
rising  sea  level  during  the  last  climatic  cycle  of  the  late 
Quaternary  Period  (Gould  1970).  At  the  end  of  the  onlap 
depositional  period  and  approximately  5,000  years  before 
present,  the  Mississippi  River  began  to  build  the  broad 
Mississippi  Deltaic  Plain  prograding  seaward.  Subsequently, 
450  years  ago,  the  Mississippi  River  began  to  construct  the 
modern  Birdfoot  Delta  which  is  prograding  into  deeper 
water  (Fisk  and  McClelland  1959;  Gould  1970). 

Field  Core  Sampling  and  Testing 

Core  samples  from  the  South  Pass  area  of  the  Mississippi 
Delta  were  provided  by  McClelland  Engineers,  Houston, 
Texas,  through  William  R.  Bryant,  Department  of  Ocean- 
ography, Texas  A&M  University.  Sediments  were  drilled 
with  0.089-m  drill  pipe  rotary  rigs  mounted  on  the  decks  of 
the  MV  State  Point  and  the  MV  Livingston.  Four  0.127-m 
long  liner  segments  with  a  0.064-m  O.D.  (outside  diameter) 
and  a  0.054-m  I.D.  (inside  diameter)  were  used  to  obtain 
samples.  At  boring  B-1,  a  0.057-m  O.D.  and  0.054-m  I.D. 
thin-wall  tube  sampler  was  used  below  a  penetration  depth 
of  35.2  m.  After  the  drill  pipe  was  advanced  to  the  desired 
sampling  depth,  it  was  then  raised  a  short  distance  above 
the  bottom  of  the  hole.  A  wireline  sampler  was  then 
lowered  through  the  drill  pipe  to  secure  the  sediment  sam- 
ples. Details  of  the  wire-line  sampler  have  been  discussed 
by  Emrich  (1971).  Core  segments  were  sealed  to  prevent 
moisture  loss  and  stored  in  a  high  humidity  refrigerator. 
Core  B-1  was  drilled  to  a  depth  of  154  m,  and  cores  B— 2 
and  B-3  were  drilled  to  depths  of  38  and  40  m,  respectively. 

Field  testing  was  confined  to  shear  strength  measure- 
ments. Tests  were  made  using  a  wire-line  vane  probe,  a 
miniature  vane,  and  a  Torvane.  Tliese  data  were  provided 
by  McClelland   Engineers.   Miniature  vane  tests   were   als 
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performed  on  samples  which  were  sent  to  the  laboratory  for  fabric:  (1)  assessment  of  sediment  sample  quality,  and  (2) 

routine  geotechnical  measurements.  Shear  strength  data  were  general  strength  profiles  with  depth  in  cores  as  related  to 

used  for  two  general  purposes  in  this  investigation  of  clay  selected  mass  physical  properties  and  clay  fabric. 
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Analytical  Techniques  and  Instrumentation 
for  Clay  Fabric  Studies 


Selection  of  Sediment  Samples 

Samples  were  selected  on  the  basis  of  sample  quality  and 
availability  from  core  depths  of  1.4  to  151  m  in  core  B-1. 
Supplemental  samples  were  selected  from  core  B— 2  for  com- 
parison wtih  the  fabric  studies  carried  out  on  core  B-1. 
The  B— 2  samples  were  obtained  from  core  depths  of  1.4 
to  27.6  m. 

In  addition  to  the  Mississippi  Delta  samples,  a  clay  sam- 
ple from  Leg  16  of  the  Deep  Sea  Drilling  Project  (D.S.D.P.), 
Site  163A,  11°14.7'N,  150°17.5'W,  was  analyzed  for  fabric 
with  two  major  objectives  in  mind  (collected  by  R.  Ben- 
nett, 1971;  permission  of  Tj.  H.  van  Andel  and  G.  Ross 
Heath,  Chief  Scientists).  The  first  objective  was  to  de- 
lineate the  diagnostic  characteristics  of  the  fabric  of  sample 
163A  which  may  be  related  to  the  depositional  environ- 
ment and  to  relate  its  features  to  the  selected  geotechnical 
properties.  The  second  objective  was  to  use  this  sample  as 
part  of  the  evaluation  of  sample  preparation  techniques  em- 
ployed during  this  study  because  of  its  highly  complex  fab- 
ric in  the  undisturbed  versus  the  remolded  state.  D.S.D.P. 
163A  was  sampled  from  a  depth  of  144  m  below  the  sedi- 
ment-water interface  in  5,330  m  of  water  and  is  Cretaceous 
in  age.  The  D.S.D.P.  sample  afforded  an  excellent  opportun- 
ity to  compare  the  clay  fabric  of  two  submarine  sediments 
(D.S.D.P.  versus  Mississippi  Delta)  from  different  depo- 
sitional environments.  The  fabric  of  a  few  selected  labora- 
tory consolidated  samples  was  investigated  for  comparison 
with  the  fabric  of  the  naturally  consolidated  sediment. 

Subsampling  Techniques 

Selected  sediment  samples  were  carefully  subsampled  from 
the  centers  of  core  segments  using  a  thin  wire  knife  and 
trimmed  into  small  blocks  a  few  millimeters  in  size.  The 
initial  size  of  a  subsample  was  generally  less  than  5  mm 
on  a  side.  Later  the  sides  were  trimmed  to  2  to  3  mm.  Sub- 
samples  were  cut  with  two  faces  of  the  block  lying  generally 
parallel  with  the  plane  of  bedding,  that  is,  normal  to  the 
core  length.  Tlie  remaining  four  faces  of  the  blocks  were 
then  normal  to  the  bedding  plane.  After  careful  trimming, 
the  samples  were  ready  for  further  processing. 

Preparation  of  Samples  for  Electron 
Microscopy 

The  most  critical  steps  in  preparing  samples  for  electron 
microscopy  (E.  M. )  studies  are  the  techniques  employed  in 
the  dehydration  of  water-saturated  specimens  and  the  tech- 
niques for  embedding  a  sample  with  an  appropriate  medium, 
a  necessary  prerequisite  to  ultrathin  sectioning  that  must  be 


accomplished  with  care.  These  factors  were  given  para- 
mount importance  during  this  study  of  clay  fabric.  Tech- 
niques were  carefully  employed  to  ensure  high-quality  com- 
parable results — to  minimize  sample  disturbance  and  main- 
tain the  structural  integrity  (particle-to-particle  orienta- 
tions) of  the  clay  samples.  Clay  specimens  for  this  study 
were  critical-point  dried  and  embedded  with  a  low-viscosity 
epoxy  resin  ( SPURR ) . 

Early  dehydration  methods 

Studies  have  clearly  shown  that  air  drying  and/or  oven 
drying  of  clay  specimens  can  cause  severe  distortion  to  the 
fabric,  thus  rendering  the  structure  of  the  sample  unlike 
its  natural  state.  (Yong  1972;  Naymik  1974).  Yong  (1972) 
has  shown  that  dehydration  of  montmorillonite  clays  by  air 
drying  can  create  the  so-called  "cornflake  structure"  com- 
monly observed  in  photomicrographs.  Curled  and  warped 
clay  plates,  which  are  characteristic  of  the  "cornflake"  ef- 
fect, are  caused  by  strong  surface  tension  forces  during  dry- 
ing. Naymik  (1974)  has  clearly  shown  that  the  critical 
point  drying  technique  is  far  superior  to  either  air-drying 
or  freeze-drying  of  clayrich  specimens.  He  found  that  a 
large  reduction  in  pore  space  volume  occurred  during  air- 
drying  and  that  drying  artifacts  were  formed  during  freeze- 
drying.  He  also  reported  an  absence  of  desiccation  shrink- 
age in  samples  critical  point  dried. 

Gillott  (1969)  has  discussed  the  details  of  freeze-drying 
and  critical-point  drying  of  clay  samples.  He  has  noted  the 
strong  likelihood  that  fabric  is  affected  by  shrinkage  during 
air-drying  as  revealed  by  the  large  volume  decrease  when 
dried  under  ambient  conditions.  This  is  attributed  to  the 
strong  force  of  surface  tension  during  air-drying  that  causes 
clay  plates  to  roll  up  and  become  tubular  and  seriously  modi- 
fies the  arrangement  of  the  particles  of  weak  clay  sediments. 
Gillott  ( 1969 )  also  considers  that  artifacts  may  be  formed 
by  ice  crystallization  during  freeze-drying,  causing  damage 
to  the  original  fabric.  Detailed  studies  of  the  freezing  of 
physical  systems  have  revealed  that  some  amorphous  por- 
tions, or  bound  water,  do  not  freeze  but  are  merely  dried 
at  low  temperature  which  constitutes  a  type  of  "pseudo 
freeze-drying"  (Luyet  1961).  Luyet  alludes  to  the  fact  that 
ice  crystallization  generally  forms  to  some  degree  during 
the  freeze-drying  process.  Undoubtedly,  prior  to  the  de- 
velopment of  the  critical-point  drying  technique,  the  freeze- 
drying  method  was  the  most  satisfactory  dehydration  tech- 
nique for  preparing  clay  samples  for  electron  microscopy. 

Critical  point  drying 

Critical  point  drying  has  not  been  used  extensively  in 
studies  of  clay  fabric,  but  its  importance  is  becoming  recog- 


22 


Clay  Fabric  and  Geotechnical  Properties  of  Sediment  Cores 


nized  as  a  necessary  dehydration  method  in  order  to  main- 
tain the  particle-to-particle  integrity  of  a  clay  sample.  The 
critical-point  method  has  been  used  extensively  for  bio- 
logical applications  in  order  to  preserve  delicate  membrane 
tissues  for  electron  microscopy  studies  (Hayat  and  Zirkin 
1973).  The  technique  involves  a  series  replacement  from 
water  to  alcohol  or  liquid  CO2  and  has  been  described 
thoroughly  for  biological  specimens  by  Anderson  (1951) 
and  Cohen  and  others  (1968).  Gillott  (1969)  has  success- 
fully applied  the  technique  to  clay  sediment  using  both  alco- 
hol and  CO2  for  critical-point  drying.  Gillott  claims  that 
the  appearance  of  the  fabric  was  identical  in  both  cases. 
Liquid  CO2  has  a  lower  temperature  at  the  critical  point 
(31°C  at  7,391  kPa)  than  alcohol  (243°C  at  6,526  kPa), 
and  thus  the  CO2  is  more  convenient  for  routine  laboratory 
use.  Other  fluids  also  have  been  used  for  critical-point  drying 
(Cohen  and  others  1968).  Unfortunately,  water  does  not 
have  favorable  critical  characteristics  (374°C  at  9,542  kPa). 
This  makes  it  impractical  for  most  standard  laboratory  ap- 
plications. 

The  critical  point  (C.P.)  technique  is  a  marked  improve- 
ment over  other  dehydration  methods  because  surface  ten- 
sion forces  are  avoided.  At  the  critical  temperature  and 
pressure  of  a  liquid,  no  boundary  exists  between  the  liquid 
and  the  gas  phase;  and  when  the  temperature  is  held  above 
the  critical  point,  the  gas  may  be  released  until  atmos- 
pheric pressure  is  reached.  Thus  the  sample  can  be  dried 
without  surface  tension  effects  that  are  extremely  deleterious 
to  clay  fabric.  Intermediate  fluids,  such  as  acetone,  alcohol, 
and  amyl  acetate,  are  often  used  at  transition  media  as  it 
is  usually  necessary  to  interpose  one  of  these  liquids  be- 
tween the  aqueous  phase  of  the  sample  and  the  liquid  CO2 
or  other  critical  point  fluid.  The  liquid  CO2  or  other  critical 
point  fluid  is  introduced  into  the  sample  chamber  "bomb" 
in  the  critical  point  apparatus,  and  the  specimen  is  purged 
until  the  intermediate  fluid  is  removed.  The  sample  cham- 
ber is  closed  at  the  purge  valve  and  then  raised  to  a  tem- 
perature above  the  critical  point  of  the  fluid  for  drying. 

Techniques  employed 

The  series  of  techniques  used  for  sample  preparation  of 
the  clay  specimens  for  the  transmission  electron  micro- 
scopy (T.E.M.)   fabric  studies  are  as  follows: 

(1)  Subsampling  of  sediment  from  core  segments. 

(2)  Replacement  of  saline  interstitial  water  by  a  series 
of  miscible  fluids  (ethyl  alcohol-amyl  acetate). 
Complete  removal  of  interstitial  water  checked  by 
the  silver  nitrate  test  (precipitation  of  silver 
chloride). 

(3)  Careful  wrapping  of  small  specimens  in  thin  lens 
paper. 

(4)  Further  soaking  of  lens  paper  and  specimen  in 
amyl  acetate. 


(5)  Placement  of  wrapped  specimens  into  the  critical 
point  chamber. 

(6)  Purging  of  the  specimen  with  liquid  CO2  replac- 
ing amyl  acetate. 

(7)  Critical  point  drying  with  CO2. 

(8)  Placement  of  dried,  wrapped  specimens  into  small 
individual  desiccators. 

(9)  Placement  of  individual  specimens  (wrapping 
paper  removed)  into  small  containers  and  placed 
in  a  large  desiccator  under  vacuum. 

(10)  Embedding  of  individual  specimens  under 
vacuum  with  a  very  low  viscosity  epoxy  resin 
(SPURR). 

(11)  Removal  of  specimens  from  the  vacuum  and  sub- 
sequent curing  of  the  epoxy  resin  at  60°  to  70°C. 

(12)  Trimming  of  the  specimens  with  glass  knives 
prior  to  ultrathin  sectioning.  Larger  specimens 
were  trimmed  with  a  jeweler's  saw  prior  to  trim- 
ming with  a  glass  knife. 

(13)  Ultrathin  sectioning  with  a  diamond  knife  (sec- 
tions cut  approximately  5x10""*  to  1X10""^  m 
thick  [500  to  IOOOa]   on  a  microtome). 

(14)  Placement  of  ultrathin  sections  on  copper  grids. 

(15)  Very  light  carbon  "sputtering"  of  ultrathin  sec- 
tions and  grids  in  a  vacuum  evaporator. 

The  specimens  were  then  ready  for  examination  of  the 
clay  fabric  in  the  transmission  electron  microscope  (figs. 
26  and  27). 

SPURR  epoxy  resin  was  used  to  increase  sample  impreg- 
nation efficiency  because  of  its  very  low  viscosity  (60  cps). 
It  has  an  impregnating  advantage  over  ordinary  epoxies 
that  have  high  viscosities  (approx.  2,000  cps).  The  useful- 
ness and  advantages  of  this  epoxy  have  been  determined 
by  experiments  on  various  Mississippi  Delta  and  D.S.D.P. 
samples  during  this  study.  Samples  with  a  high  water  con- 
tent (low  cohesive  strength)  were  found  to  remain  intact  if 
impregnated  while  under  a  vacuum,  but  similar  samples 
were  found  to  completely  collapse  if  they  were  impregnated 
at  ambient  pressure  (without  vacuum).  Samples  having  a 
very  complex  fabric  were  found  to  retain  their  particle-to- 
particle  structural  integrity. 

The  embedding  techniques  used  during  this  study  were 
similar  to  the  methods  described  by  Brewer  (1964)  for 
impregnating  soil  samples  under  a  vacuum.  The  specimens 
were  placed  in  a  vacuum  desiccator  over  silica  gel  desic- 
cant  in  order  to  maintain  a  low  humidity  condition  through- 
out the  process.  Other  embedding  techniques  for  the  study 
of  soils  by  electron  microscopy  have  been  described  by 
Pusch  (1966,  1967,  1968),  Smart  (1967a,  1967b),  O'Brien 
(1971a),  and  Foster  and  De  (1971).  A  detailed  investiga- 
tion of  impregnating  techniques  was  carried  out  by  Foster 
and  De  (1971),  and  their  results  showed  that  the  observed 
strains  in  the  original  fabric  were  minimal  in  "soft"  ma- 
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terial.  Their  techniques,  however,  did  not  involve  drying, 
but  rather  followed  a  series  replacement  of  the  interstitial 
water  by  diffusion  processes  to  a  final  hardened  resin.  The 
technique  is  apparently  very  time  consuming  and  laborious. 
Photomicrographs  of  submarine  sediment — prepared  by 
freeze-drying,  embedded  with  Maraglas  Epoxy,  and  sub- 
jected to  ultrathin  sectioning — has  clearly  revealed  detailed, 
complex  fabrics  that  appear  to  be  unaffected  significantly 
by  sample  preparatory  techniques  (Bowles  1968a,  1968b). 
The  freeze-drying  technique  also  is  time  consuming,  and 
there  is  danger  of  ice  crystallization  during  the  process. 


Transmission  Electron  Microscopy 

Photomicroscopy  of  the  clay  fabric  for  all  of  the  Missis- 
sippi Delta  samples  was  carried  out  using  a  Philips  Trans- 
mission Electron  Microscope,  Model  300,  at  80  kV.  The 
work  was  carried  out  at  the  Veterinary,  Toxicology,  and 
Entomology  Research  Laboratory,  U.S.  Department  of  Agri- 
culture, College  Station,  Texas.  Under  routine  research  con- 
ditions, the  Philips  Model  300  has  a  resolution  of  about 
8X10""^"  m  (8  A)  which  can  be  improved  for  specific  re- 
quirements   (personal    communication,    Hilton    H.    MoUen- 
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hauer,  U.S.D.A.).  The  D.S.D.P.  clay  fabric  samples  were 
analyzed  with  an  Hitachi  Model  HS-8A  Transmission  Elec- 
tron Microscope  at  50  kV,  which  is  considered  to  have  con- 
siderably less  resolving  potential  than  the  Philips  300.  Both 
instruments,  however,  proved  to  be  adequate  for  this  study. 
The  photomicroscopy  with  the  Hitachi  E.  M.  and  all  of  the 
ultramicrotomy  were  carried  out  at  the  Electron  Microscopy 
Center,  Texas  A&M  University,  College  Station,  Texas. 


A  total  of  426  transmission  electron  photomicrographs 
were  taken  and  examined  during  this  study.  Typical  ex- 
amples of  the  characteristic  fabric  for  each  specimen  ex- 
amined have  been  used  in  this  investigation.  Although  dif- 
ferent magnifications  were  made  of  the  fabric  periodically, 
a  magnification  of  16,000  times  was  found  to  be  the  most 
useful  in  terms  of  overall  delineation  of  the  general  fabric 
characteristics,  clarity,  and  particle  size. 
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Geotechiiical  Tests 


The  mass  physical  properties  investigated  in  this  study 
were  determined  by  standard  geotechnical  tests  which  are 
described  in  numerous  text  books  on  soil  mechanics  (Scott 
1963;  Wu  1966;  Terzaghi  and  Peck  1967;  Lambe  and  Whit- 
man 1969).  Lambe  (1951)  has  presented  an  excellent  de- 
tailed account  of  the  standard  laboratory  soils  tests,  par- 
ticularly techniques  for  determining  water  content,  grain 
specific  gravity  (grain  density),  grain  size,  Atterberg 
limits,  shear  strength,  and  consolidation.  Richards  (1961, 
1962)  has  discussed  the  specifics  of  the  geotechnical  tests, 
including  the  miniature  vane  test,  water  content,  porosity, 
wet  unit  weight  (bulk  density),  as  applied  to  submarine 
sediments.  Bennett  and  others  (1970)  and  Bennett  and  Lam- 
bert  (1971)   have  discussed  techniques  and  the  reproduci- 


bility for  many  of  the  common  mass  physical  properties 
tests  as  applied  to  submarine  sediments.  Lowe  and  others 
(1964)  and  Bryant  and  others  (1967)  have  reviewed  the 
use  and  applications  of  the  Anteus  Back  Pressure  Consolido- 
meter  which  was  the  instrument  used  to  determine  the  con- 
solidation characteristics  of  the  sediment  samples.  Void 
ratio  versus  logarithm  of  pressure  curves  (e-log  p)  are 
derived  from  these  tests.  In  function,  the  basic  difference 
between  the  Anteus  Consolidometers  and  other  standard 
consolidometers  is  that  back  pressure  (a  hydrostatic  pres- 
sure) is  applied  to  the  sediment  sample  surrounded  with 
water  (in  this  case,  sea  water).  This  technique  insures  nearly 
100%  saturation  of  the  sediment  prior  to  loading  at  back 
pressures  of  686  kPa  to  1079  kPa  (Bryant  and  others  1975). 


Evaluation  of  Sample  Quality  and  Techniques 


Sediment  core  quality  and  subsample  preparation  tech- 
niques for  clay  fabric  analysis  were  evaluated  during  this 
study.  Tlie  quality  of  sediment  cores  was  assessed  in  terms 
of  shear  strength  test  both  in  situ  and  in  the  laboratory  by 
miniature  vane  and  Torvane,  and  the  results  from  void  ratio 
versus  log  of  pressure  curves  (^-log  p).  Clay  fabric  par- 
ticle-to-particle integrity  as  depicted  in  T.E.M.  photomicro- 
graphs was  evaluated  in  terms  of  fabrics  of  natural  (un- 
disturbed) versus  remolded  samples,  image  enhancement 
techniques  applied  to  clay  fabric,  and  visual  assessment  of 
subsample  integrity  during  sample  preparation  and  analy- 
ses. Standard  techniques  as  well  as  new  methods  were  de- 
veloped and  used  in  this  study  throughout  the  entire  analy- 
tical procedure  in  order  to  maintain  the  particle-to-particle 
integrity  and  characteristic  features  of  the  clay  fabrics. 
Image  enhancement  techniques  developed  in  this  study  of- 
fer a  new  approach  to  the  evaluation  of  transmission  elec- 
tron photomicrographs  of  clay  fabrics. 

Sediment  Shear  Strength 

Natural  ( undisturbed )  shear  strength  measurements  with 
the  in-situ  wire  line  vane  for  B-1  yielded  values  ranging 
from  about  4.8  kPa  to  slightly  greater  than  9.6  kPa  between 
the  mudline  and  23  m,  A  general  steady  increase  in  shear 
strength  occurs  between  23  and  37  m  with  the  highest  values 
of  approximately  23.9  kPa.  Residual  shear  strength  (vane 
rotated  360  degrees  after  initial  strength  measurement  fol- 
lowed by  the  residual  strength  test)  and  cyclic  shear  strength 
tests  (vane  rotated  10  times  through  90  degrees  after  the 
initial  failure  and  then  tested  for  shear  strength)  yielded 
values  of  up  to  one  half  the  undisturbed  values  giving 
sensitivities  (ratio  of  the  natural  shear  strength  to  the  re- 
molded or  disturbed  shear  strength )  of  2  but  commonly  less 


than  2  between  the  mudline  and  23  m.  Generally  higher 
sensitivities  of  only  slightly  over  2  occur  between  the  mud- 
line and  23  m.  Sensitivity  values  of  2  and  less  are  con- 
sidered indicative  of  insensitive  clays,  and  values  ranging  be- 
tween 2  and  4  are  characteristic  of  normal  clays.  Values 
of  4  to  8  are  considered  characteristic  of  sensitive  clays. 
Sensitivities  of  8  to  16  are  diagnostic  of  many  of  the  well 
known  quick  clays  (Terzaghi  and  Peck  1967). 

Miniature  vane  and  Torvane  tests  of  the  cored  sediment 
show  strikingly  similar  results  when  compared  to  the  in  situ 
wire-line  vane  test.  Values  average  4.8  kPa  between  the  mud- 
line and  23  m,  and  steadily  increase  between  23  and  37  m 
to  values  of  23.9  kPa  as  observed  for  the  wireline  measure- 
ments. With  the  exception  of  an  anomalous  high  shear 
strength  zone  at  approximately  7.5  m  below  the  mudline  in 
both  B-2  and  B— 3,  similar  shear  strength  values  and  re- 
lationships are  found  among  the  in  situ,  and  miniature  van© 
and  Torvane  measurements.  This  close  agreement  between 
in-situ  shear  strength  measurements  and  strength  tests  on 
cored  material  indicates  relatively  high-quality  sediment 
cores  with  minimal  disturbance  due  to  coring  technique. 
The  similarity  in  sensitivities,  by  the  wire-line  vane  measure- 
ment and  those*iletermined  on  the  cored  material  also  cor- 
roborates this  conclusion. 

Wire-line  vane  measurements  at  B-1  were  not  made  in 
the  hard,  stiff,  clay  cored  between  85  and  154  m;  however, 
miniature  vane  shear  test  values  ranged  from  23.9  kPa 
in  the  upper  stiff  clay  to  values  of  192.5  kPa  in  the  hard 
deep  clays.  Sensitivities  for  this  Pleistocene  clay  averaged 
2.3  with  a  range  of  1.4  to  3.2,  essentially  the  same  as  the 
sensitivities  found  for  the  soft  clays  between  the  mudline 
and  37  m. 
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Consolidation  Tests 

Laboratory  tests  with  the  Anteus  Back  Pressure  Consoli- 
dometer  were  performed  on  selected  sediment  samples  from 
cores  B— 1  and  B— 2  following  standard  procedures  discussed 
by  Lowe  (1964)  and  Bryant  and  others  (1967).  Consolida- 
tion test  data  from  these  cores  were  used  to  evaluate  sedi- 
ment core  quality.  Principles  of  consolidation  testing  have 
been  treated  in  detail  by  Terzaghi  (1925b),  Terzaghi  and 
Peck  (1948,  1967),  and  by  Lambe  (1951).  A  typical  dia- 
grammatic void  ratio  versus  logarithm  of  pressure  curve 
(e-log  p)    and  the  standard  graphical  construction   of  the 


preconsolidation  pressure  is  depicted  in  figure  28,  repre- 
senting a  typical,  "normal"  sediment  commonly  encountered 
in  testing  terrestrial  soils.  The  preconsolidation  pressure, 
Pc,  is  defined  as  the  greatest  stress  to  which  a  sediment  has 
ever  been  subjected.  The  graphical  construction  as  pro- 
posed by  Casagrande  (1936),  using  the  e-log  p  curve,  theo- 
retically, determines  the  preconsolidation  pressure. 

Extensive  back  pressure  consolidation  testing  has  been 
carried  out  on  submarine  sediment  from  various  depositional 
environments  in  the  Gulf  of  Mexico.  These  surficial  sub- 
marine clays  tested  are  characterized  by  an  atypical  e-log 


recompression 


(Casagrande  1936) 

P^      Graphical  reconstruction 

of  preconsolidation 

pressure,  Pc 


Curve  typical  of  "normal 
terrestrial  clay  soils 
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and  Bryant  1966) 
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Figure  28. — Typical  consolidation  test — void  ratio  versus  logarithm  of  pressure  curve. 
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terial.  Their  techniques,  however,  did  not  involve  drying, 
but  rather  followed  a  series  replacement  of  the  interstitial 
water  by  diifusion  processes  to  a  final  hardened  resin.  The 
technique  is  apparently  very  time  consuming  and  laborious. 
Photomicrographs  of  submarine  sediment — prepared  by 
freeze-drying,  embedded  with  Maraglas  Epoxy,  and  sub- 
jected to  ultrathin  sectioning — has  clearly  revealed  detailed, 
complex  fabrics  that  appear  to  be  unaffected  significantly 
by  sample  preparatory  techniques  (Bowles  1968a,  1968b). 
The  freeze-drying  technique  also  is  time  consuming,  and 
there  is  danger  of  ice  crystallization  during  the  process. 


Transmission  Electron  Microscopy 

Photomicroscopy  of  the  clay  fabric  for  all  of  the  Missis- 
sippi Delta  samples  was  carried  out  using  a  Philips  Trans- 
mission Electron  Microscope,  Model  300,  at  80  kV.  The 
work  was  carried  out  at  the  Veterinary,  Toxicology,  and 
Entomology  Research  Laboratory,  U.S.  Department  of  Agri- 
culture, College  Station,  Texas.  Under  routine  research  con- 
ditions, the  Philips  Model  300  has  a  resolution  of  about 
8X10""^°  m  (8  A)  which  can  be  improved  for  specific  re- 
quirements   (personal    communication,    Hilton    H.    Mollen- 
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Figure   26. — Analytical    techniques   and   instrumentation  for  clay   fabric   analysis:    Dehydration    techniques. 
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hauer,  U.S.D.A. ).  The  D.S.D.P.  clay  fabric  samples  were 
analyzed  with  an  Hitachi  Model  HS-8A  Transmission  Elec- 
tron Microscope  at  50  kV,  which  is  considered  to  have  con- 
siderably less  resolving  potential  than  the  Philips  300.  Both 
instruments,  however,  proved  to  be  adequate  for  this  study. 
The  photomicroscopy  with  the  Hitachi  E.  M.  and  all  of  the 
ultramicrotomy  were  carried  out  at  the  Electron  Microscopy 
Center,  Texas  A&M  University,  College  Station,  Texas. 


A  total  of  426  transmission  electron  photomicrographs 
were  taken  and  examined  during  this  study.  Typical  ex- 
amples of  the  characteristic  fabric  for  each  specimen  ex- 
amined have  been  used  in  this  investigation.  Although  dif- 
ferent magnifications  were  made  of  the  fabric  periodically, 
a  magnification  of  16,000  times  was  found  to  be  the  most 
useful  in  terms  of  overall  delineation  of  the  general  fabric 
characteristics,  clarity,  and  particle  size. 
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and  transmission  electron  microscopy  (T.E.M.) . 
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Geotechnical  Tests 


The  mass  physical  properties  investigated  in  this  study 
were  determined  by  standard  geotechnical  tests  which  are 
described  in  numerous  text  books  on  soil  mechanics  (Scott 
1963;  Wu  1966;  Terzaghi  and  Peck  1967;  Lambe  and  Whit- 
man 1969).  Lambe  (1951)  has  presented  an  excellent  de- 
tailed account  of  the  standard  laboratory  soils  tests,  par- 
ticularly techniques  for  determining  water  content,  grain 
specific  gravity  (grain  density),  grain  size,  Atterberg 
limits,  shear  strength,  and  consolidation.  Richards  (1961, 
1962)  has  discussed  the  specifics  of  the  geotechnical  tests, 
including  the  miniature  vane  test,  water  content,  porosity, 
wet  unit  weight  (bulk  density),  as  applied  to  submarine 
sediments.  Bennett  and  others  (1970)  and  Bennett  and  Lam- 
bert  (1971)   have  discussed  techniques  and  the  reproduci- 


bility for  many  of  the  common  mass  physical  properties 
tests  as  applied  to  submarine  sediments.  Lowe  and  others 
(1964)  and  Bryant  and  others  (1967)  have  reviewed  the 
use  and  applications  of  the  Anteus  Back  Pressure  Consolido- 
meter  which  was  the  instrument  used  to  determine  the  con- 
solidation characteristics  of  the  sediment  samples.  Void 
ratio  versus  logarithm  of  pressure  curves  (e-log  p)  are 
derived  from  these  tests.  In  function,  the  basic  difference 
between  the  Anteus  Consolidometers  and  other  standard 
consolidometers  is  that  back  pressure  (a  hydrostatic  pres- 
sure) is  applied  to  the  sediment  sample  surrounded  with 
water  (in  this  case,  seawater).  This  technique  insures  nearly 
100%  saturation  of  the  sediment  prior  to  loading  at  back 
pressures  of  686  kPato  1079  kPa  (Bryant  and  others  1975). 


Evaluation  of  Sample  Quality  and  Techniques 


Sediment  core  quality  and  subsample  preparation  tech- 
niques for  clay  fabric  analysis  were  evaluated  during  this 
study.  The  quality  of  sediment  cores  was  assessed  in  terms 
of  shear  strength  test  both  in  situ  and  in  the  laboratory  by 
miniature  vane  and  Torvane,  and  the  results  from  void  ratio 
versus  log  of  pressure  curves  (e-log  p).  Clay  fabric  par- 
ticle-to-particle integrity  as  depicted  in  T.E.M.  photomicro- 
graphs was  evaluated  in  terms  of  fabrics  of  natural  (un- 
disturbed) versus  remolded  samples,  image  enhancement 
techniques  applied  to  clay  fabric,  and  visual  assessment  of 
subsample  integrity  during  sample  preparation  and  analy- 
ses. Standard  techniques  as  well  as  new  methods  were  de- 
veloped and  used  in  this  study  throughout  the  entire  analy- 
tical procedure  in  order  to  maintain  the  particle-to-particle 
integrity  and  characteristic  features  of  the  clay  fabrics. 
Image  enhancement  techniques  developed  in  this  study  of- 
fer a  new  approach  to  the  evaluation  of  transmission  elec- 
tron photomicrographs  of  clay  fabrics. 

Sediment  Shear  Strength 

Natural  (undisturbed)  shear  strength  measurements  with 
the  in-situ  wire  line  vane  for  B-1  yielded  values  ranging 
from  about  4.8  kPa  to  slightly  greater  than  9.6  kPa  between 
the  mudline  and  23  m.  A  general  steady  increase  in  shear 
strength  occurs  between  23  and  37  m  with  the  highest  values 
of  approximately  23.9  kPa.  Residua!  shear  strength  (vane 
rotated  360  degrees  after  initial  strength  measurement  fol- 
lowed by  the  residual  strength  test)  and  cyclic  shear  strength 
tests  (vane  rotated  10  times  through  90  degrees  after  the 
initial  failure  and  then  tested  for  shear  strength)  yielded 
values  of  up  to  one  half  the  undisturbed  values  giving 
sensitivities  (ratio  of  the  natural  shear  strength  to  the  re- 
molded or  disturbed  shear  strength)  of  2  but  commonly  less 


than  2  between  the  mudline  and  23  m.  Generally  higher 
sensitivities  of  only  slightly  over  2  occur  between  the  mud- 
line and  23  m.  Sensitivity  values  of  2  and  less  are  con- 
sidered indicative  of  insensitive  clays,  and  values  ranging  be- 
tween 2  and  4  are  characteristic  of  normal  clays.  Values 
of  4  to  8  are  considered  characteristic  of  sensitive  clays. 
Sensitivities  of  8  to  16  are  diagnostic  of  many  of  the  well 
known  quick  clays  (Terzaghi  and  Peck  1967). 

Miniature  vane  and  Torvane  tests  of  the  cored  sediment 
show  strikingly  similar  results  when  compared  to  the  in  situ 
wire-line  vane  test.  Values  average  4.8  kPa  between  the  mud- 
line and  23  m,  and  steadily  increase  between  23  and  37  m 
to  values  of  23.9  kPa  as  observed  for  the  wireline  measure- 
ments. With  the  exception  of  an  anomalous  high  shear 
strength  zone  at  approximately  7.5  m  below  the  mudline  in 
both  B-2  and  B-3,  similar  shear  strength  values  and  re- 
lationships are  found  among  the  in  situ,  and  miniature  vane 
and  Torvane  measurements.  This  close  agreement  between 
in-situ  shear  strength  measurements  and  strength  tests  on 
cored  material  indicates  relatively  high-quality  sediment 
cores  with  minimal  disturbance  due  to  coring  technique. 
The  similarity  in  sensitivities,  by  the  wire-line  vane  measure- 
ment and  those'""determined  on  the  cored  material  also  cor- 
roborates this  conclusion. 

Wire-line  vane  measurements  at  B-1  were  not  made  in 
the  hard,  stiff,  clay  cored  between  85  and  154  m;  however, 
miniature  vane  shear  test  values  ranged  from  23.9  kPa 
in  the  upper  stiff  clay  to  values  of  192.5  kPa  in  the  hard 
deep  clays.  Sensitivities  for  this  Pleistocene  clay  averaged 
2.3  with  a  range  of  1.4  to  3.2,  essentially  the  same  as  the 
sensitivities  found  for  the  soft  clays  between  the  mudline 
and  37  m. 
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Consolidation  Tests 

Laboratory  tests  with  the  Anteus  Back  Pressure  Consoli- 
dometer  were  performed  on  selected  sediment  samples  from 
cores  B— 1  and  B— 2  following  standard  procedures  discussed 
by  Lowe  (1964)  and  Bryant  and  others  (1967).  Consolida- 
tion test  data  from  these  cores  were  used  to  evaluate  sedi- 
ment core  quality.  Principles  of  consolidation  testing  have 
been  treated  in  detail  by  Terzaghi  (1925b),  Terzaghi  and 
Peck  (1948,  1967),  and  by  Lambe  (1951).  A  typical  dia- 
grammatic void  ratio  versus  logarithm  of  pressure  curve 
(e-log  p)    and  the  standard  graphical  construction  of  the 


preconsolidation  pressure  is  depicted  in  figure  28,  repre- 
senting a  typical,  "normal"  sediment  commonly  encountered 
in  testing  terrestrial  soils.  The  preconsolidation  pressure, 
Pc,  is  defined  as  the  greatest  stress  to  which  a  sediment  has 
ever  been  subjected.  The  graphical  construction  as  pro- 
posed by  Casagrande  (1936),  using  the  e-log  p  curve,  theo- 
retically, determines  the  preconsolidation  pressure. 

Extensive  back  pressure  consolidation  testing  has  been 
carried  out  on  submarine  sediment  from  various  depositional 
environments  in  the  Gulf  of  Mexico.  These  surficial  sub- 
marine clays  tested  are  characterized  by  an  atypical  e-log 


(Casagrande  1936) 

"^        Graphical  reconstruction 

of  preconsolidation 

pressure,  P~c 


o 
> 


Curve  typical  of  "normal 
terrestrial  clay  soils 


(Modified  after  Morelock 
and  Bryant  1966) 


1 


(log)  pressure 


Figure  28. — Typical  consolidation  test — void  ratio  versus  logarithm  of  pressure  curve. 
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p  virgin  curve  which  is  concave  upward  and  to  the  right  as 
compared  to  the  usual  straight-Hne  virgin  curve  typical  of 
many  terrestrial  clay  soils  (Morelock  and  Bryant  1966; 
Bryant  and  others  1967;  Delflache  and  Bryant  1970;  Bryant 
and  Delflache  1971;  Bryant  and  others  1974).  The  atypical 
characteristic  of  the  virgin  e-log  p  curves  have  been  found 
to  be  generally  ubiquitous  for  the  Gulf  of  Mexico  surficial 
submarine  sediment,  and  this  feature  of  the  curves  also  has 
been  found  to  be  diagnostic  of  sensitive  and  highly  sensi- 
tive clays.  These  studies  have  clearly  pointed  out  that  the 
high  sensitivity  indicated  by  the  void  ratio  versus  log  of 
pressure  curves  strongly  reflects  the  relatively  undisturbed 
nature  of  the  sediment  samples  tested  ( Morelock  and  Bryant 
1966;  Bryant  and  others  1967).  Similarly  shaped  e-log  p 
curves  were  reported  for  highly  sensitive,  subaerially  ex- 
posed, marine  clay  (Jarrett  1967).  Sensitive  clays  typically 
are  characterized  by  essentially  two  straight-line  portions 
comprising  the  virgin  line  of  the  e-log  p  curves.  Sensitive 
clays  with  values  of  4  to  8,  typically  lose  75  to  87.5  percent 
of  their  strength  when  remolded  or  severely  disturbed. 
Although  sensitivities  as  high  as  57  were  reported  for 
submarine  sediment,  average  values  of  only  4  are  the  most 
common  (Keller  and  Bennett  1970).  Values  of  4  border  on 
being  slightly  sensitive  to  sensitive. 


Testing  and  evaluation 

Selected  sediment  core  samples  from  B-1  and  B— 2  were 
consolidated  in  the  laboratory.  Sampling  depths  ranged 
from  1.4  to  120.6  m  including  not  only  the  young,  recent, 
"soft"  clays,  but  also  the  deeply  buried  Pleistocene  clays. 
Core  sample  B— 1  ( 1.3  m  depth )  was  consolidated  in  the 
"undisturbed"  natural  condition  to  a  load  of  61  X  10*  kPa, 
and  a  remolded  sample  was  also  consolidated  to  the  same 
load.  The  natural,  "undisturbed"  sample  clearly  shows  a 
strong  virgin  curve  which  is  concave  up  and  to  the  right 
(fig.  29).  The  remolded  sample  (fig.  30)  does  not  reflect 
the  strong  inflection  in  the  virgin  curve  but  rather  shows  a 
more  typical  e-log  p  curve  indicative  of  a  disturbed  con- 
dition as  compared  to  the  e-log  p  curve  of  the  undisturbed 
sample  (fig.  29).  Likewise,  samples  B— 1  (2  m  depth),  B— 2 
(1.4  m  depth),  and  B-2  (27.9  m  depth)  show  the  typical 
"sensitive-like"  nature  as  reflected  in  the  e-log  p  curves  of 
the  "undisturbed"  natural  sediment  (figs.  31,  32,  33,  34,  36). 
The  remolded  samples  do  not  show  this  characteristic  in 
the  consolidation  curves. 

Sample  B-1  (12.2-m  depth)  is  suspect  owing  to  the 
straight  line  portion  of  the  virgin  curve  and  also  to  the 
considerably  lower  initial  void  ratio,  e,  of  the  sample  (fig. 
35 ) .  This  sample,  however,  serves   as   a   good   example   of 
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Figure  29. — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B~l,   1.37   m    (4.5  ft),   natural. 
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Figure  31 — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-1,  1.98  m  (6.5  ft),  natural. 
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Figure  30. — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-1,  1.37  m   (4.5  ft),  remolded. 
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B-1,  1.98  m  (6.5  ft),  remolded. 


28 


Clay  Fabric  and  Geotechnical  Properties  of  Sediment  Cores 


2.4 

2.2 

20 

a,     1.8 

S     1.6 

^     1.4 

§     1.2 

1.0 

08 

06 

0.4 


I   I  I  iiiii 1 — I   I  I  iiiri 1 — I    I  I  1  nil T — I  I  I  ncq 


0.01 


-I I   I  I  I  ml I I   I  I  mil I I IIIII 


0.1  1.0 

stress  (kPa       10^) 


10.0 


100.0 


Figure  33. — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-2,  1.37  m  (4.5  ft;,  natural. 
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Figure  35. — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-1,  12.19  m  (40  ft),  natural. 
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Figure  34. — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-2,  1.37  m  (4.5  ft),  remolded. 

sediment  possibly  disturbed  (or  a  poor  laboratory  test,  i.e. 
malfunctioning  of  the  consolidometer)  but  not  remolded 
in  the  laboratory  by  standard  testing  procedures.  Void  ratio 
determinations  on  samples  from  the  same  approximate  depths 
yielded  values  of  1.9,  considerably  closer  to  the  void  ratio 
values  found  for  the  sediment  to  depths  of  .3.5  m  below  the 
mudline.  Bryant  and  others  (1974)  have  attributed  the 
"sensitive-like"  nature  of  the  e-log  p  curves  (virgin  curve 
which  is  concave  up)  to  be  characteristic  of  the  Gulf  of 
Mexico  submarine  sediments  with  void  ratios  greater  than 
about  1.0. 

A  sample  from  a  depth  of  120.6  m  (core  B-1)  with  an 
initial  void  ratio  of  less  than  1.0  was  consolidated  to  a 
load  of  19.15X10^  kPa.  The  e-log  p  curve  shows  a  broad 
recompression  curve  up  to  a  preconsolidation  pressure  of 
10.73  X 10^  kPa  which  is  quite  unlike  the  e-log  p  curves  of 
the  much  higher  void  ratio  (high  porosity)  overlying  sedi- 
ment (fig.  37).  Clearly  this  material  represents  a  consider- 
ably greater  degree  of  natural  consolidation  than  the  high 
void  ratio  sediment.  Noteworthy,  however,  is  the  fact  that 
sensitivities,  determined  by  shear  strength  tests  to  depths  of 
approximately  150  m,  ranged  from  slightly  less  than  2  to 


Figure  36. — Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-2.  27.58  m  (90.5  ft),  natural. 
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Figure  37.— Void  ratio  versus  logarithm  of  pressure.  South  Pass,  core 
B-1,  120.55  m  (395.5  ft),  natural. 

slightly  greater  than  3  ( characteristic  of  "nonsensitive"  nor- 
mal clays),  and  yet  the  e-log  p  curves  of  the  high  void  ratio 
sediment  indicate  a  sensitive  nature  unlike  the  deeper  (void 
ratio  of  from  slightly  greater  than  1.0  to  less  than  1.0) 
naturally  consolidated  clay.  A  possible  explanation  for  this 
behavior  will  be  discussed  later. 
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Sample  quality 

Schmertman  (1955)  and  Silva  (1974)  have  discussed 
methods  of  assessing  the  degree  of  sample  disturbance  and 
quality  through  the  analysis  of  laboratory  void  ratio  versus 
logarithm  of  pressure  curves.  Based  on  quite  similar  rea- 
soning as  that  of  Schmertman.  Silva  has  proposed  a  quanti- 
tative method  of  determining  the  relative  degree  of  sediment 
sample  disturbance  in  terms  of  an  index  parameter.   Silva 

Ae 
(1974)    defines    a    disturbance    index,    lu  = ,    with    Ae 

equal  to  the  change  in  void  ratio  from  the  initial  value  to 
the  void  ratio  at  the  preconsolidation  pressure  (P,'-  Silva 
uses  a  value  of  P^.  determined  on  a  corrected  field  compres- 
sion line.  The  change  in  void  ratio,  Aco,  is  equal  to  the  dif- 
ference in  void  ratio  between  the  initial  value  and  the  vajue 
at  the  theoretical  void  ratio  on  an  idealized  remolded  base 
line  directly  at  the  preconsolidation  pressure,  F^.  The  ideal- 
ized base  line  is  constructed  as  a  straight  line  between  e^ 
and  a  void  ratio  of  42  percent  of  e^  over  two  log  cycles 
(fig.  38).  Schmertman  (1953)  found  that  straight  line  ex- 
tensions on  the  initial  virgin  slope  of  consolidation  tests, 
on  most  clays  (disturbed  to  varying  degrees),  intersect  at 
approximately  42  percent  of  the  initial  void  ratio.  The 
intersection  of  field  initial  virgin  slopes  and  laboratory 
virgin  slopes  generally  also  were  found  to  agree  within  a 
few  percent,  and  therefore  the  value  of  42  percent  Cq  was 
chosen  as  a  good  estimate  for  most  clays  (nonsubmarine). 
The  classification  (Silva  1974)  based  on  the  disturbance 
index  is  as  follows: 


Disturbance  Degree  of 

index,  //)  disturbance 

-0.15  Very  little  disturbance   ("undisturbed") 

0.15—0.30  Small  amount  of  disturbance 

0.30-0.50  Moderate  disturbance 

0.50-0.70  Much  disturbance 

-0.70  Extreme  disturbance   (remolded) 

The  disturbance  index.  In,  was  calculated  for  the  rela- 
tively soft,  "undisturbed"  e-log  p  samples  from  the  upper 
91  m  of  high  void  ratio  sediment.  In  addition,  //>  was  alsp 
determined  for  the  stiff,  hard,  clay  sampled  from  a  depth 
of  120.6  m.  For  graphical  presentation  (fig.  39),  these  data 
(//)  =  Ae/ Ae,i)  are  plotted  against  initial  void  ratio,  e,,.  with 
the  major  divisions  for  the  degree  of  disturbance  depicted 
according  to  Silva  (1974).  The  disturbance  index  was  cal- 
culated for  these  samples  using  the  standard  techniques  for 
determining  the  preconsolidation  pressure  developed  by 
Casagrande  (1936).  Clearly,  the  disturbance  index  for  all 
of  the  high  void  ratio  samples  falls  within  the  division  of 
"small  amount  of  disturbance"  to  the  middle  and  lower  end 
of  the  "moderate  disturbance"  division.  Important  to  note 
is  the  fact  that  of  the  high  void  ratio  sediment  tested, 
sample  B-1  ( 12.2-m  depth )  showed  the  highest  degree  of 
disturbance  based  on  In-  This  sample  was  suspected  to  be 
somewhat  disturbed  due  to  the  initial  low  void  ratio  and 
poorly  shaped  e-log  p  curve  as  compared  to  the  other  sam- 
ples tested. 

initial  void  ratio  eo 
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e„-: 


Pc 


J  corrected  field 

compression  line 


index  of  disturbance 


(log)  pressure       *- 

Figure    38. — Method    for    determining    degree    of    disturbance    from 
a  typical  e-log  p  curve.    (Modified  after  Silva    1974) 
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Figure  39. — Degree  of   disturbance    (/u)    versus   void    ratio    (e„)    for 
Mississippi  Delta  samples. 
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The  peculiar  disturbance  index  for  sample  B-1  (120.1  m) 
indicating  "much  disturbance"  requires  explanation.  This 
sediment,  a  stiff,  low-porosity,  relatively  hard  clay,  would 
be  considerably  less  subject  to  coring  and  sampling  dis- 
turbance than  the  soft,  high-porosity  sediment.  With  respect 
to  the  disturbance  index,  //>,  the  ratio  Ae/Ae„  is  a  function 
of  the  actual  departure  of  the  void  ratio,  eP^,  at  the  pre- 
consolidation  pressure  from  the  initial  void  ratio,  eo,  such 
that  Ae=  {eo  —  ePc).  The  index  lu  is  strongly  influenced  by 
Ae  disproportionately  with  a  decrease  in  initial  void  ratio, 

Co. 

As  an  example,  given  a  fixed  value  for  Ae  and  calculating 

Id,   with   decreasing   values   for   the   initial  void   ratio,    Cq, 

one  can  observe  that  the  disturbance  index  increases  sharply 

with  decreasing  initial  void  ratio.  This  relationship  can  be 

depicted    by    plotting    e,,    or    0.42e„    as    a    function    of    In 

Ae 
mm.  = (fig.  40) .  A  minimum  index  of  disturbance, 

eo-0.42eo 

I  J)  min.,  differs  from  Id  by  the  substitution  of  (en— 0.42eo) 
for  the  value  Aeo  =  eo—ePc  which  varies  from  sample  to 
sample  depending  on  the  slope  of  the  virgin  curve.  Since 
Id  min.  is  slightly  smaller  in  value  than  Iq,  the  index  would, 
indicate  a  minimum  degree  of  disturbance  for  a  given 
sample  following  the  classification  of  Silva  (1974).  In 
practice,  0.42eo  is  a  larger  value  than  ePc  which  occurs  on 
the  theoretical  remold  curve  at  the  preconsolidation  pressure 
and  Id  min.  would  not  reach  a  critical  value  of  1  but  could 
approach  the  value  of  1  as  the  degree  of  disturbance  in- 
creased. Nevertheless,  for  graphical  presentation,  the  plots 
of  Id  min.  versus  0.42eo  illustrates  the  nonlinear  relation- 
ship between  Ae  and  Co  and  indicates  the  probability  that 
the  disturbance  index  classification  is  not  valid  for  relatively 
low  void  ratio  (low-porosity)  sediment.  The  index  of  dis- 
turbance. In  min.,  is  strongly  influenced  by  the  value  of  Co 
between  1.5  to  2.0  void  ratio,  and  the  index  increases  rapidly 
below  values  of  Cq  =  1.5.  Apparently  sediment  samples  show- 
ing initial  void  ratios,  eo,  much  less  than  2.0  should  not  be 
assessed  in  terms  of  disturbance  by  the  index  of  disturbance 
classification.  Considerably  more  study  is  required  to  ar- 
rive at  a  workable,  unbiased  classification  of  disturbance 
applicable  to  a  wide  range  of  void  ratios. 

In  review,  the  void  ratio  versus  logarithm  of  pressure 
curves  indicates  in  general  that  the  cores  tested  were  rela- 
tively high-quality  samples  showing  minimal  degree  of 
disturbance  with  the  exception  of  sample  B-1  (12.2-m  depth) 
which  is  suspect. 

Fabric  of  Natural  Versus  Remolded  Clay 
Samples 

Clay  fabric  particle-to-particle  integrity  and  characteris- 
tic features  of  natural  (undisturbed)  samples  were  com- 
pared with  the  clay  fabric  of  remolded  (disturbed)  sub- 
samples  of  contiguous  material.   Essentially   identical  tech- 


niques were  employed  for  both  the  remolded  and  the  un- 
disturbed material.  Subsamples  of  undisturbed  material 
were  remolded  in  the  laboratory  by  standard  techniques 
commonly  used  for  preparing  samples  for  sensitivity  deter- 
minations by  vane  shear  measurement.  Technically,  remold- 
ing is  carried  out  in  the  laboratory  by  mixing  and  working 
a  clay  sample  into  a  plastic  mass,  usually  with  a  spatula,  at 
the  same  water  content  as  the  undisturbed  sample.  The  fab- 
rics of  undisturbed  and  remolded  samples  were  compared 
in  order  to  determine  the  relative  degree  of  disturbance 
and  the  particle-to-particle  integrity  of  the  sediment,  to  de- 
termine sample  quality,  and  to  assess  the  analytical  tech- 
niques of  sample  preparation  for  clay  fabric  analysis  em- 
ploying the  transmission  electron  microscope. 

Two  samples  were  selected  for  remolding  and  comparison 
with  an  undisturbed  counterpart  subsample.  Mississippi 
Delta  sample  B-2,  1.4  m  below  mudline,  and  sample  D.S.D.P. 
163A,  143  m  below  mudline,  were  selected  for  the  evaluation. 
Because  "soft,"  low  shear  strength  sediments  having  rela- 
tively high  void  ratios  are  commonly  much  more  suscep- 
tible to  disturbance  than  low  void  ratio  stiff  material,  sample 
B-2  (void  ratio  e=1.94,  porosity  n  =  66%)  from  a  depth 
of  1.4  m  below  the  mudline  was  selected  as  representative 
of  the  "soft"  sediment  encountered  during  this  study.  B-2 
(1.4  m)  is  a  silty  clay  (approximately  30%  silt,  approxi- 
mately 69%  clay)  with  essentially  little  or  no  sand  (less 
than  1%).  The  clay  size  fraction  is  composed  of  approxi- 
mately 57%  smectite  (montmorillonite),  33%  illite  (mica), 
and  about  10%  kaolinite  and/or  chlorite.  Sample  163 A  (143 
m  below  mudline)  is  a  yellow  brown  zeolitic  clay,  late  Cre-i 
taceous  in  age,  and  was  retrieved  from  a  water  depth  of 
5,330  m  in  the  equatorial  Pacific.  The  sample  is  a  silty  clay 
(approximately  81%  clay,  approximately  18%  silt)  with 
less  than  2%  sand.  Smectite  is  the  dominant  clay  mineral 
with  trace  amounts  of  illite,  clinoptilolite,  and  quartz  in  the 
clay  size  fraction  (approximately  <2  /xm).  Clinoptilolite, 
smectite,  and  quartz  are  the  major  minerals  of  the  silt  size 
fraction,  and  a  minor  trace  of  illite  is  present.  Phillipsite  has 
been  reported  as  a  constituent  of  the  zeolitic  clay  sampled 
at  D.S.D.P.  site  163A  at  140  to  144  m  (van  Andel,  Health, 
and  others  1973 ) .  The  sample  is  characterized  by  a  very  high 
void  ratio  of  3.5  and  a  porosity  of  78  percent.  Clearly, 
this  deep-sea,  high  void  ratio,  clay  sample  represents  a 
strong  contrast  to  the  Mississippi  Delta  clays  particularly  in 
terms  of  depositional  environment.  The  D.S.D.P.  sample 
was  selected  for  the  natural  versus  remolded  comparison  be- 
cause of  its  uniquely  different  nature  (deep-sea),  high  void 
ratio,  clay  mineralogy,  and  highly  complex  clay  fabric  in 
the  "undisturbed"  state. 

D.S.D.P.    sample    (undisturbed) 

The  highly  complex  clay  fabric  of  the  "undisturbed" 
D.S.D.P.  163A  sample  is  revealed  in  fig.  41EM,  an  electron 
microscope     photomicrograph     (hereafter    electron      nicro- 


32 


Clay  Fabric  and  Geotechnical  Properties  of  Sediment  Cores 


zeolitic  aggregate 


i\x-!'^'        edge 
y^grid 


>i- ..)      ...".A  "^ 


.v.. 


Figure  41. — Clay  fabric  showing  floes,  linking  chains,  and  zt-olitic  aggregate.  Deep  Sea  Drilling  Project  (D.S.D.P.) 

core  163A   ( 143  m )    undisturbed  sample. 


scope  photomicrographs  will  be  indicated  by  the  figure  num- 
ber followed  by  the  notation  EM,  i.e.  fig.  41EM).  The  fabric 
is  characterized  by  clay  floes  connected  by  linking  chains 
with  relatively  large  intervoids.  Occasionally  "high  density" 
aggregates  were  observed  as  revealed  in  the  far  left  edge 
of  fig.  41  EM.  The  high  density  aggregates  are  tentatively 
interpreted  as  being  composed  of  essentially  clinoptilolite 
and  possibly  some  phillipsite  as  revealed  by  their  needle-like, 
lath-shaped   crystals    (fig.    42EM).    Mumpton    (1960)    has 


presented  a  detailed  treatment  of  the  mineral  clinoptilolite, 
and  Deer  and  others  ( 1963 )  have  discussed  zeolites  in  gen- 
eral. Linking  chains  between  floes  appear  to  be  built  pri- 
marily in  an  edge-to-edge  ( EE )  association  of  clay  par- 
ticles; however,  some  face-to-face  (FF),  stair-stepped  as- 
sociations appear  to  be  present  but  to  a  lesser  degree.  An 
important  feature  of  the  floes  is  the  relatively  large  in- 
travoids  which  are  clearly  revealed  at  high  magnifications 
( fig.  43EM  ) .  The  large  floe  in  figure  43EM  is  approximately 
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Figure  42. — Clay  fabric  showing  zeolitic  aggregate  surrounded  by  domains.  D.S.D.P.  core  163A  (143  m)  remolded 

sample. 
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Figure  43. — Clay  fabric  showing  clay  floes,  floe  intravoids,  and  linking  chains,  D.S.D.P.  core  163A   (143  m)    un- 
disturbed sample. 


1.6XlO~"  m  (1.6  microns)  in  maximum  length,  and  about 
0.7XlO~''  m  in  width  as  revealed  in  the  ultrathin  section 
photomicrograph.  Because  of  the  very  small  size  of  the  floe, 
the  numerous  clay  particles  which  build  the  floe  are  ex- 
tremely small.  The  floes  appear  to  be  built  of  numerous  clay 
particles  arranged  in  an  edge-to-face  structure  at  oblique 
angles  resulting  in  the  relatively  high  intravoids  (fig. 
43EM).  Close  examination  of  the  photomicrographs  indi- 
cates that  the  floes  appear  to  be  somewhat  compressed  pos- 
sibly due  to  the  process  of  consolidation  and  in  situ  over- 
burden pressure.  The  important  features  of  sample  D.S.D.P. 
163A,  however,  is  the  highly  complex  fabric  of  floes,  link- 
ing chains,  and  zeolitic  aggregates  structured  to  form  a  high 


void  ratio  (high-porosity)  clay  sediment  in  the  relatively 
undisturbed  state.  These  features  show  a  strong  contrast  to 
the  fabrics  observed  in  the  remolded  (disturbed)  samples. 

D.S.D.P.  sample   (remolded) 

The  remolded  D.S.D.P.  163A  sample  reveals  a  strikingly 
different  fabric  than  observed  in  the  photomicrographs  of 
the  undisturbed  sample.  Clearly,  the  highly  complex  fabric 
characteristic  of  the  undisturbed  sediment  is  completely  de- 
stroyed in  the  remolded  material  (fig.  44EM-A).  Floes  and 
linking  chains  are  broken  down  to  form  well  identifiable 
domains  of  essentially  face-to-face  platelets  arranged  in  a 
random  orientation.  The  overall  high  void  ratio  is  main- 


A  -  B 

Figure   44. — Clay   fabric    showing    (A)    randomly   oriented  domains  with  high  overall  void  ratio,  and   (B)    local 
areas  of  strongly  oriented,  dense  pseudoaggregates  and  domains,  D.S.D.P.  core  163A  (143  m)  remolded  sample. 
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tained,  and  the  intravoids  of  the  preexisting  floes  are  de- 
stroyed. A  few  rather  dense  "aggregates"  comprised  of 
strongly  oriented  particles  over  local  areas  were  observed  in 
some  of  the  remolded  samples  (fig.  44EM-B).  These  "ag- 
gregates" are  collapsed,  highly  disturbed  floes  combined 
with  other  adjacent  clay  particles  brought  about  by  remold- 
ing and  kneading.  Interesting  to  note  is  that  many  of  the 
"zeolitic"  aggregates  found  in  the  undisturbed  samples  were 
also  present  in  the  remolded  material  indicating  a  strong 
structural  integrity  for  these  aggregates  despite  the  remold- 
ing action.  Figure  42EM  is  a  photomicrograph  of  a  typical 


"zeolitic"  aggregate  from  the  remolded  D.S.D.P.  163A 
sample.  The  remolded  sample  is  characterized  by  randomly 
oriented  domains  as  observed  in  the  previous  photomicro- 
graph (fig.  44EM),  but  the  "zeolitic"  aggregate  appears  to 
have  remained  structurally  intact.  Intravoids  are  also  pres- 
ent in  the  aggregate  even  though  the  aggregate  has  an  over- 
all appearance  of  being  quite  dense. 

Mississippi  Delta  Sample  (undisturbed) 

Mississippi  Delta  sample  B— 2    (1.4  m)   was  selected  for 
comparison  of  the  undisturbed  versus  the  remolded  material. 
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Figure  45. — Clay   fabric   showing   randomly   oriented   domains,   core 
B-2   (1.4  m)    undisturbed  sample. 
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Figure  46. — Clay  fabric  depicting  well-defined  randomly  oriented  domains  and  high  void  ratio,  core 

B-2   (1.4  m)    undisturbed  sample. 
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Figure  47. — Stereographic  view  of  clay  fabric  depicting  randomly  oriented  domains  and  high  void  ratio,  core  B-2 

(1.4  m)  undisturbed  sample. 


A  general  view  of  the  undisturbed  clay  fabric  at  low  mag- 
nification is  observed  in  figure  45EM.  The  details  of  the 
fabric  are  rather  difficult  to  interpret  at  low  magnifications 
because  of  the  very  fine  grained  nature  of  these  clays.  How- 
ever, the  figure  reveals  an  overall  random  orientation  of 
the  clay  particles,  generally  domains.  Much  cleared  details 
of  the  clay  fabric  are  discernible  at  relatively  high  magni- 
fications of  16,000  X  to  20,000  X  as  revealed  in  figure 
46EM.  This  photomicrograph  also  depicts  the  characteristic 
random  fabric  with  large  voids  structured  by  numerous 
edge-to-face  particle  contacts.  The  clay  fabric  appears  to  be 


predominantly  domains  (particles  in  face-to-face  arrange- 
ment) oriented  randomly;  however,  some  rather  continuous 
"chains"  and  edge-to-edge  arrangements  are  observed  (fig. 
47EM) .  These  characteristics  are  clearly  evident  in  the  stereo- 
graphic  view  of  photomicrograph  47EM. 

Mississippi  Delta  sample    (remolded) 

A  rather  strong  contrast  is  evident  between  the  remolded 
and  undisturbed  fabric  of  sample  B— 2  (1.4  m).  At  low 
magnification  the  fabric  is  characterized  by  a  typical  "swirl" 
pattern   (fig.  48EM)   recognizable  even  at  higher  magnifica- 
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Figure  48. — Clay  fabric  depicting  'swirF  pattern  and  local  areas  of 
highly  oriented  clay  particles,  core  B-2  (1.4  m)  remolded  sample. 
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Figure  49. — Clay  fabric — depicted  at  high  magnification — showing 
'swirl'  pattern  and  local  area  of  highly  oriented  particles,  core  B-2 
(1.4  m)   remolded  sample. 

tions  ( fig.  49EM ) .  The  overall  remolded  fabric  is  charac- 
terized by  large  areas  of  highly  oriented  particles  (domains) 
forming  the  "swirl"  pattern  over  extensive  areas.  The  gen- 
eral high  void  ratio  is  maintained  by  remolding  at  the 
original  water  content.  Although  some  small  areas  show 
randomly  oriented  clay  particles  or  domains,  the  common 
features  of  the  remolded  fabric  are  the  highly  oriented  clay 
particles  as  observed  in  the  photomicrographs  of  figure 
50EM.  Lambe    (1953)    proposed   that   remolded   clay   was 


characterized  by  a  high  degree  of  parallelism  between  ad- 
jacent particles  (fig.  4),  and  Mitchell  (1956)  claimed  that 
remolding  tended  to  homogenize  the  sediment  sample  render- 
ing the  clay  less  variable.  Lambe  and  Whitman  (1969) 
claim  that  physically  working  or  remolding  of  an  element 
of  soil  until  it  becomes  homogeneous  tends  to  align  adja- 
cent particles  and  thus  destroys  the  bonds  between  particles. 
Pusch  (1970)  also  reported  that  remolding  causes  succes- 
sive breakdown  of  aggregates  and  a  decrease  in  shear 
strength.  The  electron  photomicrographs  of  both  D.S.D.P. 
163A  and  B— 2  samples  contrasting  the  undisturbed  and  re- 
molded sediments  reveal  the  characteristic  features  of  the 
clay  fabric  described  by  the  above  researchers.  In  addition, 
these  comparisons  of  undisturbed  versus  remolded  fabrics 
give  strong  evidence  that  the  samples  have  not  been  severely 
disturbed,  and  the  fabric  of  the  undisturbed  samples  have 
maintained  a  high  degree  of  structural  integrity. 

Image  Enhancement  Techniques 

Clay  fabric  particle-to-particle  integrity  and  sample 
quality  as  influenced  by  sample  preparation  were  evaluated 
by  image  enhancement  techniques.  A  representative  clay  fab- 
ric sample  T.E.M.  photomicrograph  of  the  low  shear  strength, 
high-porosity  sediment  (B— 1,  1.4  m)  was  assessed  with  a 
Digital  Image  Processing  System  (DIPS),  figure  51,  for  the 
primary  purpose  of  detecting  possible  microstructural  dam- 
age (i.e.,  a  major  change  in  clay  fabric)  caused  by  sample 
preparation  techniques.  The  secondary  purpose  for  using 
the  DIPS  was  to  investigate  other  possible  potentials  of 
the   system    for   clay    fabric   analysis   through    image   en- 


FicuRE  50. — Clay  fabric  of  strongly  oriented  particles  with  high  void  ratio — depicted  at  high  magnification  for  a 
local  ultrathin  section  area,  core  B-2  (1.4  m)   remolded  sample. 
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Figure  51. — Digital  Image  Processing  System   (DIPS)   components. 


hancement.  The  basic  premise  is  that  microstructural  dam- 
age to  a  sample  would  be  exemplified  by  a  significant  change 
in  porosity  (void  ratio)  and  borne  out  by  image  enhance- 
ment techniques  applied  to  transmission  electron  photo- 
micrographs. 

Research  in  image  analysis  of  clay  fabric  using  the  Quan- 
timet  instrument  for  ultrathin  sections  of  soil  and  kaolin 
samples  was  pioneered  by  Foster  and  Evans  (1971)  and 
Foster  (1973).  The  early  study  dealt  with  electronic  charac- 
teristics of  the  Quantimet  and  the  application  of  image 
analysis  by  computer  to  clay  fabric.  The  later  study  in- 
vestigated the  use  of  the  imaging  instrument  for  determining 
degree  of  particle  preferred  orientation  and  specific  surface 
per  unit  volume,  but  the  study  was  concerned  with  labora- 


tory resedimented  and  fractionated  kaolin  and  not  natural 
soils.  Although  theoretical  and  practical  work  was  carried 
out  for  the  "clean"  silt  size  kaolin  fabrics  by  Foster  (1973), 
the  study  by  Foster  and  Evans  (1971)  clearly  pointed  out 
that  natural  soils  were  not  amenable  to  evaluation  by  the 
Quantimet  because  of  the  poor  instrument  discrimination 
capabilities  between  particles  and  voids.  Smart  (1973)  has 
also  investigated  the  use  of  the  Quantimet  image  analyzing 
instrument  for  ultrathin  sections  of  soils  and  found  that  the 
computer  will  scan  all  voids  measuring  all  the  cords  along 
the  scanning  lines  in  a  certain  direction  producing  a  dif- 
ferent distribution  for  various  directions.  Smart  also  points 
out,  however,  that  it  is  difficult  to  discriminate  between  par- 
ticles and  voids  using  the  Quantimet.  Certain  limitations  of 
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the  Quantimet  as  applied  to  natural  soils  have  been  pointed 
out,  but  these  studies  have  recognized  possible  potentials  of 
computer  image  analysis  to  the  study  of  clay  fabric. 

Instrumentation 

Image  enhancement  of  photomicrograph  52EM,  sample 
B— 1  (1.4  m),  was  carried  out  with  a  Digital  Image  Proces- 
sing System  consisting  of  a  combination  of  hardware  de- 
vices and  software  subsystems  which  was  developed  by  Mead 
Technology  Laboratories  for  the  U.S.  Navy.  The  computer 
Processing  was  made  possible  through  the  consideration  of 
Charles  W.  Reeves.  Naval  Intelligence  Support  Center  Suit- 
land,  Maryland.  The  hardware  devices  consisted  of  a  Laser 
Image  Processing  Scanner  ( Imagery  Input ) ,  a  CDC  6414 
Computer  System  (Central  Processing  Unit),  a  90-megabyte 
disk  (On  Line  Disk  Storage),  and  a  Digital  Graphics  Gen- 
erator (Imagery  Output).  The  software  included  the  en- 
hancement and  control  systems  programs  ( Applications 
Software).  These  devices  and  software  subsystems  were  in- 
tegrated into  a  total  processing  system  through  tape  buffer 
and  on-line  tape  functions  (fig.  51).  A  short  summary  of 
the  hardware  processes  and  components  of  the  Digital 
Image  Processing  System  is  given  as  follows: 

Imagery  input:  Laser  Image  Processing  Scanner 
(LIPS). — The  device  utiHzes  a  rotating-drum  laser  scanner/ 
printer  which  can  be  used  for  either  input  or  output.  The 
LIPS  is  off-line  equipment  using  9-track  magnetic  tape  for 
communication  of  data  to  and  from  DIPS.  The  LIPS  oper- 
ates on  input,  digitizing  a  selected  area  on  a  film  trans- 
parency to  one  of  256  levels.  A  given  density  range  can  be 
compressed  or  expanded  into  the  256  levels.  A  sampling 
aperture  and  interval  of  40.0  /xxn  on  40  /j,m  centers  was  se- 
lected for  analysis  of  the  photomicrograph  used  in  this 
study.  The  scanning  area  depends  upon  the  sampling  in- 
terval and  can  range  from  0.005  m^  to  0.040  m^.  Because  of 
equipment  limitations,  the  original  0.08-m  by  0.10-m  nega- 
tive was  cut  to  a  size  of  0.072  m  by  0.092  m.  The  negative 
was  scanned  with  the  LIPS  microdensitometer  resulting  in 
a  matrix  of  2,000  picture  elements  by  1,750  rows  for  a 
total  of  3,500,000  picture  elements. 

CDC  6414  COMPUTER  system:  Central  Processing  Unit. 
— The  6414  is  a  general  purpose  high  speed  computer  which 
is  programmed  to  perform  the  computations  involved  in 
DIPS  applications.  The  main  memory  consists  of  65,536 
words  each  of  60  bits.  There  are  an  additional  10  identical) 
support  processors  each  with  4,096  words  of  12  bits,  and 
these  execute  simple  instructions.  Peripheral  devices  in- 
clude an  operator  console,  card  reader,  card  punch,  line 
printer,  tape  drives,  and  access  disc  drives  containing  360 
million  8-bit  bytes  of  storage  for  specific  applications. 

Imagery  hard  copy  output:  Digital  Graphics  Genera- 
tor.— The  Digital  Graphics  Generator  (DGG)  is  an 
output  device  that  produces  a  hard-copy  ink-on-paper  dis- 


play of  the  image  type  data  in  either  black  and  white  or 
color.  Each  picture  element  of  the  display  may  consist  of 
one  of  39  shades  of  gray  or  a  number  of  colors  specified 
by  the  control  systems  software.  The  device  places  selected 
inkdrops  from  up  to  four  orifices  onto  paper  mounted  on  a 
rotating  drum.  The  digital  input  to  the  DGG  is  from  mag- 
netic tape  which  has  been  formated  by  the  digital  image 
processing  system.  The  tape  specifies  the  locations  on  the 
paper  where  the  drops  of  ink  are  to  be  placed.  Highly  re- 
peatable  shades  of  gray  can  be  produced  by  a  pseudohalf- 
tone  process  which  creates  a  given  shade  using  a  combination 
of  printed  dots  in  a  4  by  4  matrix.  The  image  elements 
are  14/1000  of  an  inch  (3.56XlO~^  m)  apart  resulting  in 
approximately  72  elements  to  an  inch  (.0254  m).  Distance 
is  the  same  in  both  directions  of  the  paper  providing  about 
5,000  image  elements  to  a  square  inch  (6.451  X  10~ '  sq.  m) . 
The  drum  rotates,  making  one  revolution  in  I/2  second. 
Four  revolutions  are  required  to  complete  an  image  element 
scan  line  of  about  4,000  elements.  After  each  revolution  the 
printing  jets  step  3.5/1000  inch  (8.89X10"=^  m)  down  the 
drum  axis.  Approximately  2,800  lines  of  image  elements 
can  be  printed  in  a  single  run  resulting  in  a  picture  about 
57  inches  (1.448  m)  wide  and  40  inches  (1.016  m)  long, 
which  would  contain  approximately  11  million  picture  ele- 
ments. Only  the  jet  of  black  ink  is  active  for  the  black-and- 
white  operation,  whereas  color  operation  is  produced  by  jets 
of  cyan,  magenta,  and  yellow,  the  proportions  of  which  are 
controlled  by  the  software-generated  bit  patterns  on  the  mag- 
netic tape.  False  color  imaging  can  be  thus  produced  repre- 
senting selected  shades  of  the  gray  scale  as  recorded  by  the 
LIPS  and  processed  by  the  computer. 

Gradient:  The  gradient  process  operates  on  a  digital 
image  in  order  to  produce  an  estimate  of  the  rate  of  change 
of  density  at  each  location  in  the  input  image  and  it  is 
used  to  emphasize  edges  in  the  input  image. 

Density  contour  map  generation:  The  contour  proc- 
ess operates  on  a  digital  image  to  produce  an  output  image 
from  which  isodensity  contour  lines  can  be  drawn  on  the 
Digital  Graphics  Generator.  When  false  color  DGG  output 
is  used,  each  contour  level  can  be  represented  by  a  unique 
color.  The  contour  process  provides  a  means  for  better 
locating  and  defining  specific  objects  of  interest. 

Histogram  :  The  histogram  process  operates  on  a  digi- 
tal image  to  produce  a  density  histogram  image  depicting 
gray  level  versus  percent.  An  additional  graph  can  be  gen- 
erated based  on  the  histogram  data  plotting  the  gray 
densities  against  their  cumulative  percent. 

Density  image  to  bikini  image  and  hard  copy  (gray 
shade/false  color)  :  The  Density  Image  to  Bikini  Image 
and  the  DGG/FCDGG  operate  on  a  digital  image  to  produce 
a  digital  image  with  a  density  range  of  1  to  39  and  to 
produce  a  magnetic  tape  to  provide  either  a  gray  or  color 
rendition  of  the  digital  data. 
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Basically,  the  Digital  Image  Processing  System  operates 
on  an  image  such  as  a  film  transparency  or  photograph 
using  a  Laser  Processing  Scanner  (microdensitometer)  for 
input.  The  system  digitizes  the  film  (or  photo)  densities  or 
gray  levels  present  over  an  arbitrary  scale  from  zero  to  256. 
These  data  are  fed  into  the  CDC  6414  Computer  System  for 
processing  and  instructions  from  the  Enhancement  and  Con- 
trol Systems  Programs.  The  final  data  are  output  through 
the  Digital  Graphics  Generator  in  either  black  and  white 
or  false  color  renditions  representing  selected  gray  level 
steps.  Each  gray  level  represents  a  specific  area  or  percent- 
age of  the  total  image  scanned. 

Digital  image  processing  of  film  transparency  B-1  (1.4 
m).  Image  enhancement  through  digital  image  processing 
was  carried  out  on  transmission  electron  photomicrograph 
52EM  for  the  purpose  of  determining  the  total  area  of  the 


16,000x 


Figure  52. — Clay  fabric  T.E.M.  photomicrograph  selected  for  image 
enhancement  through  digtal  image  processing,  core  B-1   (1.4  m). 

clay  particles  and  total  area  of  the  voids  depicted  in  the 
film  transparency.  Given  the  total  area  of  the  voids  and 
solids,  the  void  ratio  could  be  calculated  and  this  value 
compared  to  the  void  ratio  as  determined  on  the  bulk 
sample  by  standard  laboratory  techniques.  These  compari- 
sons were  made  in  order  to  assess  any  significant  disturb- 
ance caused  by  T.E.M.  preparation  techniques  from  the  first 
subsampling  and  dehydration  steps  through  the  final  steps 
of  ultrathin  sectioning  and  transmission  electron  photo- 
microscopy.  A  collapse  of  the  clay  fabric  would  produce  a 
lower  porosity  (lower  void  ratio)  than  the  original  bulk 
sample  porosity,  and  conversely  a  swelling  of  the  sample 
during  preparation  would  cause  an  increase  in  the  porosity. 
These  analyses  were  intended  as  an  experimental  test  for 
void  ratio  comparisons  and  additionally  to  investigate  the 
possible  applications  of  image  enhancement  techniques  as 
applied  to  the  study  of  clay  fabric. 


Examination  of  photomicrograph  52EM  reveals  the  clay 
particles  which  are  indicated  by  the  dark  areas.  The  voids 
are  represented  by  the  light  areas  which  were  impregnated 
with  SPURR  epoxy  resin.  The  photomicrograph  reveals  a 
clay  fabric  of  randomly  oriented  domains  and  high  porosity 
(void  ratio).  A  wide  range  of  gray  levels  is  apparent  in  the 
photomicrograph  with  very  light,  nearly  white  areas  to 
black,  electron  dense  areas  representing  clay  particles.  Due 
to  equipment  limitations,  the  original  0.08  m  by  0.10  m 
negative  was  trimmed  to  0.064  m  by  0.080  m  and  the  nega- 
tive scanned  on  the  LIPS  microdensitometer  using  a  40 
micron  (40X10""  m)  spot  size.  The  resultant  matrix  was 
2,000  picture  elements  by  1,750  rows  for  a  total  of  3,500,000 
picture  elements.  Since  this  picture  area  contained  infor- 
mation alien  to  the  clay  sample — a  thin  dark  edge  on  the 
bottom  of  the  picture  area  and  the  area  containing  the 
T.E.M.  picture  frame  number  (001515) — the  extraneous  in- 
formation was  removed  from  the  processing  by  creating  a 
subimage  (fig.  53).  This  subimage  was  used  for  all  proces- 
sing and  analyses  resulting  in  a  1,600  by  2,000  matrix  for 
a  total  of  3,200,000  picture  elements.  This  subimage  (fig. 
53 )  represents  a  strikingly  accurate  representation  of  the 
actual  negative  or  photomicrograph  processed  by  the  DIPS 
(figs.  52EM  and  53). 

The  basic  problem  was  to  delineate  the  different  densities 
of  gray  in  the  negative  as  processed  by  the  LIPS  and  the 
DIPS   and  the   area  represented  by   each   gray   level.   Sub- 
sequent to  scanning  by  the  LIPS  and  processing  of  the  digitr' 
information,  a  histogram  was  generated  to  depict  the  nur. 
ber  of  elements  containing  the  different  shades  of  gray  (fij, 
54).  A  second  graph  was  also  generated  based  on  the  histo 
gram  data  depicting  the  gray   densities  versus   cumulative 
percent  (fig.  55).  These  graphics,  cumulative  curve  and  his 
togram,  were  used  to  evaluate  and  distinguish  the  well  de 
fined  general  shades  of  gray  densities  present  in  the  negative 

Examination  of  the  histogram  and  cumulative  curves,  rep 
resenting  the  gray  scale  densities  versus  percent  of  total  area 
reveals  seven  major  zones  of  gray  scale  density.  The  boun 
daries  of  these  zones  were  selected  on  the  basis  of  major 
changes  in  the  film  densities  as  depicted  by  the  histograms 
The  zones  also  are  represented  well  by  the  cumulative  curve 
The  reasonably  well-defined  zones  of  gray  (seven)  were  iso 
lated  as  a  density  slice  and  graphically  displayed  by  the  DGG 
as  black  on  white,  the  black  being  represented  as  that  spe- 
cific zone  of  gray  levels.  The  actual  gray  levels  scanned  in 
this  photomicrograph  (52EM)  ranged  from  a  value  of  1  to 
250  ( fig.  54 ) .  Each  gray  level,  density  step,  was  recorded  by 
the  line  printer  giving  frequency,   percent   between    1   and 
250,  and  cumulative  percent.  Each  major  zone  is  depicted 
on  a  separate  graphic  and  registered  to  the  graphic  di  play 
of  the  original  image  (figs.  56,  57,  58,  59,  60,  61,  62).  The 
separate  graphic  display  of  each  major  zone  represents  the 
total  area  of  the  gray  levels  present  within  the  boundaries  of 
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Figure  53. — DIPS  subimage  reproduction  of  photomicrograph,  core  B-1   (1.4  m). 
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Figure  54. — Histogram  of  gray  scale  density  versus  percent. 
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Figure  55. — Cumulative  curve  of  gray  scale  density  versus  percent. 
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Figure  56.  DIPS/DGG  gray  zone   1    (level  3-63). 
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Figure  57.— DIPS/DGG  gray  zone  2  (level  64-79). 
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Figure  58.— DIPS/DGG  gray  zone  3  (level  80-95). 
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Figure  59.— DIPS/DGG  gray  zone  4    (level  96-125). 
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Figure  60.— DIPS/DGG  gray  zone  5  (level  126-175). 
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Figure  61.— DIPS/DGG  gray  zone  6  (level  176-225). 
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Figure  62.— DIPS/DGG  gray  zone  7  (level  226-250). 
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the  selected  zone  and  depicts  the  positions  where  the  specific 
gray  level  occurs.  The  selected  gray  levels  are  indicated  in 
figure  54  and  span  the  following  intervals:  3—63,  64^-79, 
80-95,  96-125,  126-175,  176-225,  and  226-250.  Gray 
levels  1  and  2  and  those  above  250  were  recorded  as  essen- 
tially zero  percent  and  therefore  not  included  in  the  com- 
putations (see  fig.  54).  A  total  of  3,200,000  picture  elements 
are  contained  in  the  image.  Each  gray  level  span  contains  a 
given  number  of  picture  elements  and  represents  a  specific 
percentage  of  the  total  image  (picture)  area.  Each  of  the 
seven  gray  zones  was  assigned  a  separate  color  (false  color 
image),  and  all  colors  were  printed  by  the  Digital  Graphics 
Generator  as  a  composite  picture  for  comparison  v/ith  each 
graphic  display  density  slice  and  for  comparison  with  the 
original  photomicrograph  and  DIPS  image  (figs.  52EM,  53, 
and  63 ) . 

Data  analysis.  Two  independent  analyses  were  made  to 
determine  the  total  area  of  the  voids  and  total  area  of  the 
clay  particles  as  recorded  by  the  DIPS.  The  first  analysis 
(Case  1)  was  made  by  Naval  Intelligence  Support  Center 
(NISC)  personnel  using  the  computer  data  and  estimating 
the  percentage  of  clay  present  in  each  gray  level  (table  1). 


The  original  photomicrograph  was  compared  with  each  of 
the  selected  gray  zones  (density  slice)  to  estimate  the  per- 
centage of  clay  present.  The  cumulative  curve  (fig.  55)  was 
used  to  determine  the  percentage  of  picture  elements  in  each 
of  the  selected  gray  zones.  The  percentage  of  clay  present  in 
the  sample  was  calculated  from  the  data  as  follows: 

The    total    number    of   picture    elements  =  3,200,000  =  Total 

Area  of  Picture  TAP). 
The  total  number  of  clay  elements  =  1,035,994  =  Total  Area 

of  the  Clay  (TAC). 

TAG      1,035,994X100  ^ 

Thus:  — —  = 

TAP       3,200,000 

=  32.375%  of  the  sample  is  clay.      (1) 
And:  100% -32.375%  =67.625%  voids  (porosity). 
For  example:    By   definition,   porosity,   n,   is   equal   to   the 
ratio  of  the  total  volume  of  the  voids  to  the  total  sam- 
ple volume,  and  void  ratio,  e,  is  equal  to  the  ratio  of 
the  total  volume  of  the  voids  to  the  total  volume  of 
the  solids. 
Then :  Area  of  the  Voids  X  Height  =  Volume  of  Voids 
Total  Area  X  Height  =  Total  Volume 


Figure  63. — DIPS/DGG  false  color  rendition  for  gray   level  zones   1-7  from  transmission 

electron   photomicrograph. 
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Since  the  height  appears  in  both  the  numerator  and 

denominator,  then : 
Area  of  Voids  X  Height 


Table  2. — CASE  2  picture  elements  in  gray  zones 


Total  Area  X  Height 


Area  of  Voids 


=  Ay/AT     (2a) 


Total  Area 
Porsity  n  =  Av/AT 

_3,200,000  (total  area)  -1,035,994  (total  clay  area) 
3,200,000  (total  area) 

2,164,006 

Porosity  n=^  Ay /At  =  - =  0.67625  (2b) 

'  3,200,000 

2,164,006 

And:  Void  Ratio  e  =  Av/As  =  - =  2.0888  (3) 

1,035,994 


The  calculations  for  Case  1  were  made  by  an  tinbiased, 
"nonclay"  specialist  trained  in  photo  interpretations.  They 
represent  analysis  based  on  estimates  of  clay  percentages 
present  in  the  selected  gray  level  zones. 

Table  1. — CASE  1  picture  elements  and  percentage  of  clay 
in  gray  zones 


Amount  clay 

Picture 

(clay%)  X 

Gray 

% 

% 

elements 

(number  of 

Gray 

level 

day 

picture 

contained 

picture 

zone 

span 

(est.) 

elements 

in  zone 

elements) 

1 

3-63 

0 

2.32 

74.240 

0 

2 

64-79 

10 

10.99 

351,680 

35,168 

3 

80-95 

15 

20.74 

663,680 

99,552 

4 

96-125 

20 

21.96 

702,720 

140,544 

5 

126-175 

35 

26.15 

836.800 

292,880 

6 

176-225 

80 

16.1 

515,200 

412,160 

7 

226-250 

100 

1.74 

55,680 

55,680 

Totals 

3,200,000 

1,035,994 

The  second  analysis  (Case  2)  was  made  by  the  writer 
with  a  similar  use  of  the  DIPS  data,  but  using  a  different 
approach  to  the  evaluation  of  clay  and  voids  present  in  the 
electron  photomicrograph.  Examination  of  each  gray  zone 
(density  slice)  display  from  gray  zone  1  through  zone  7, 
particularly  in  sequence  from  the  lowest  gray  level  to  the 
highest  gray  level,  reveals  that  zone  5  shows  a  closure  on 
essentially  all  of  the  major  clay  particles  present  (compare 
figs.  52EM,  53,  and  61).  Density  slice  5  represents  a  bound- 
ary between  major  clay  particles,  represented  by  the  elec- 
tron photomicrograph,  and  the  voids  (area  impregnated 
with  SPURR  epoxy  resin).  As  a  first  approximation,  since 
gray  zone  5  covers  a  span  between  126  and  175,  or  50  gray 
level  steps,  a  value  of  150  was  selected  as  the  approximate 
gray  level  step  representing  the  actual  boundary  between 


Gray 
zone 


Gray 
level 
span 


Picture  elements 
contained  in  zone 


3-63 

74,240 

64-79 

351,680 

80-95 

663,680 

96-125 

702,720 

26-150 

439,360 

Total 

2,231,680    (voids) 

the  clay  particles  and  the  voids.  Summing  the  number  of 
picture  elements  contained  in  zones  1  through  4  and  the 
number  of  picture  elements  contained  in  density  levels  126 
through  150  inclusive,  the  total  number  is  equal  to  2,231,680 
(table  2 ) .  The  calculations  are  as  follows: 

The  porosity  is  calculated  by : 

2,231,680 
porosity  n  =  - 


=  0.6974 
3,200,000 

The  void  ratio  is  calculated  by: 

2,231,680 


void  ratio  e  = 


3,200,000-2,231,680 


=  2.305 


(4) 


(5) 


The  value  for  porosity  can  be  approximated  also  by  using 
the  cumulative  curve  of  gray  scale  density  versus  percent  of 
the  total  area  (fig.  55).  A  line  is  extended  from  the  density 
level  of  150  on  the  abscissa  to  intersect  the  cumulative  per- 
cent curve,  and  the  total  percent  of  the  void  (porosity)  area 
can  be  read  directly  on  the  ordinate  (see  dashed  line  of 
fig.  55).  These  calculations  of  Case  2  are  based  on  the  ap- 
proximation that  the  boundary  of  the  clay  particles  lies 
within  the  zone  5  gray  level  step  at  a  value  of  150. 

An  important  point  to  note  is  that  a  much  more  well- 
defined  boundary  between  clay  particles  and  voids  could 
be  determined  by  taking  a  series  of  small  gray  level  slices 
(gray  level  span)  within  zone  5  and  registering  each  slice 
with  the  graphic  display  of  the  original  image  as  was  done 
with  each  major  zone.  Using  this  suggested  method,  the 
major  density  slice  such  as  zone  5  would  define  the  approx'- 
mate  gray  level  where  the  boundary  occurred,  and  the 
finer,  thin  slices,  would  closely  approximate  the  boundary 
within  a  very  narrow  limit  by  finding  a  very  thin  density 
slice  where  closure  occurred  on  the  clay  particles.  Unfor- 
tunately, the  refinement  was  not  possible  for  this  study.  The 
method  of  using  finer  density  slices  to  determine  the  clay 
particle  boundary  might  possibly  change  the  initial  cal- 
culated values  for  porosity  and  void  ratio  slightly  as  com- 
pared to  the  first  approximation  based  on  the  boundary 
taken  at  the  density  level  of  150.  However,  with  the  methods 
and  limitations  in  mind,  the  values  for  porosity  and  void 
ratio  determined  in  Cases  1  and  2  are  compared  with  the 
values  determined  by  standard  laboratory  techniques. 
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Laboratory  method 


(uncor- 

(cor- 

Casel 

Case  2 

rected) 

rected  ) 

Void  ratio 

2.09 

2.30 

2.08 

2.16 

Porsity 

67.6% 

69.7% 

67.5% 

68.3% 

The  tabulation  of  values  for  void  ratio  and  porosity  indi- 
cates very  close  agreement  among  the  methods.  Case  2  is 
slightly  higher  than  the  laboratory  method  (corrected  for 
salt  content),  which  also  is  slightly  higher  than  Case  1. 
Generally,  for  most  practical  purposes  uncorrected  values 
for  salt  content  are  reported  and  commonly  used  in  calcu- 
lations; however,  corrections  have  been  made  here  for 
comparison  since  the  corrected  values  would  be  expected  to 
more  closely  approximate  the  actual  properties  of  the  sample 
studied.  An  acceptable  correction  for  porosity  of  1.2  percent 
of  the  water  volume  (interstitial  water)  for  dissolved  salts 
(salinities  of  35%o)  is  generally  applied  (Bennett  and 
Lambert  1971).  Both  Case  1  and  Case  2  calculations  agree 
well  with  the  laboratory  values,  particularly  for  a  first 
approximation,  and  refinements  in  methods  and  techniques 
would  undoubtedly  improve  the  reliability  of  the  estimates 
of  void  ratio  and  porosity  through  image  enhancement 
techniques. 

Discussion-.  The  confidence  placed  on  the  interpretation 
of  clay  fabric  employing  the  use  of  tlie  transmission  elec- 
tron microscope  and  image  enhancement  system  depends 
not  only  on  the  quality  of  sample  preparation  and  tech- 
niques but  also  on  tlie  degree  to  which  the  electron  photo- 
micrographs represent  the  actual  spatial  arrangements  of 
the  clay  particles  and  associated  voids.  The  limitations  and 
factors  important  in  T.E.M.  clay  fabric  studies  can  be  sum- 
marized briefly.  If  one  can  consider  that  uniform  exposure 
in  the  electron  microscope  is  achieved  and  that  processing 
is  also  uniform,  then  the  apparent  image  density  is  de- 
pendent on  the  type  of  material  present  in  the  ultrathin 
section,  its  thickness,  and  the  angle  of  incidence  of  the  elec- 
tron beam  on  a  particular  particle  (Foster  and  Evans  1971). 

Three  cases  can  be  established  for  particles  lying  wholly 
or  partially  within  an  ultrathin  section.  Each  case  can  affect 
the  degree  and  variation  in  the  particular  image  density. 

(1)  Particle  is  cut  by  both  boundaries  of  the  section. 

(2)  Particle  is  cut  by  only  one  section  boundary. 

(3)  Whole  particle  is  lying  within  both  boundaries  of 
the  section;  i.e.,  particle  is  nearly  parallel  with 
boundary  section  planes. 

Case  1  would  be  reflected  in  the  photomicrograph  as  a 
relatively  high  density  area  (fig.  64r-|3]  particles  a  and  bl. 
Cases  2  and  3  would  be  represented  by  relatively  low  density 
images  of  varying  degrees  (fig.  64^[3]  particles  c  and  d. 
Case  2  and  particle  e.  Case  3).  Also  four  types  of  particle 
fabric  can  affect  image  density. 

(1)    Edge-to-face  contact    (fig.  64.-[3]    particles  e-f). 


(2)  Edge-to-edge  contact  (fig.  64--[3]  particles  d-g). 

(3)  Overlap  or  stepped  face-to-face  contact   (fig.  64— 
[3]  particles  c-h-i ) . 

(4)  Apparent  "isolated"  particle  (fig.  64- [3]   particle 
b).  1 

The  condition  of  the  particles  lying  within  the  ultrathin  sec- 
tion, each  of  the  three  cases,  and  the  type  of  fabric  can  affect 
image  density.  Other  factors  that  affect  the  apparent  image 
density  include  particle  thickness,  particle  orientation,  irreg- 
ular particle  edges,  and  the  "wedge  effect."  The  "wedge 
effect"  occurs  when  particles  are  inclined  at  an  angle  to  the 
plane (s)  of  the  section.  Relatively  thick  particles  inclined 
at  an  angle  to  the  section  plane  show  a  maximum  apparent 
density  in  the  central  portion  of  the  particle  and  a  grading 
of  density  (apparent  gray  level  or  gray  density  decrease)  to- 
wards the  edge  of  the  particle.  Zone  A  of  particle  b  would 
show  a  relatively  high  image  density  compared  to  zones  B 
which  would  produce  a  grading  of  gray  levels  (fig.  64— [1] 
particle  b).  Important  to  note,  however,  is  the  fact  that  the 
"wedge  effect"  becomes  minimal  as  the  thickness  of  the 
section  or  the  thickness  of  the  particle  decrease  (compare 
figs  64— [1],  [2]).  Zone  B  substantially  decreases  relative 
to  zone  A  as  the  section  becomes  ultrathin  (fig.  64— [3]). 
Clay  particles  lyin-'  normal  to  the  section  boundaries  and 
those  particles  with  clay  surfaces  lying  essentially  parallel 
with  the  plane  of  the  section  will  effectively  show  no  "wedge 
effect"  (fig.  64^[1]  and  [3]  particles  a  and  j).  The  "wedge 
effect",  however,  becomes  larger  as  the  particle  orientation 
changes  from  a  vertical  to  a  horizontal  position  (compare 
particles  b  and  k,  64^[1]  and  [2]).  Examination  of  figure 
64  clearly  reveals  that  the  "wedge  effect"  approaches  an 
insignificant  portion  of  the  total  particle  image  as  the  section 
becomes  ultrathin  v.'hen  the  clay  particle  thickness  is  effec- 
tively larger  than  the  section  thickness. 

Another  important  feature  to  recognize  in  the  study  of 
clay  particles  sectioned  to  various  thicknesses  is  the  fact  that 
thick  sections  as  depicted  in  figure  64.-[l],  when  projected 
onto  a  film  transparency  would  show  a  very  low  void  area 
and  a  rather  distorted  representation  of  particle  size.  The 
projected  length  of  an  inclined  particle  would  be  shorter  in 
overall  length  than  the  actual  particle  length  represented  in 
the  section.  Both  of  these  effects  become  less  and  less  im- 
portant as  the  thickness  of  the  section  decreases,  and  they 
become  relatively  insignificant  in  ultrathin  sections  (com- 
pare particles  and  voids  in  figs.  64— [1]  and  64— |  3]).  An 
essentially  well  represented  void-to-solid  ratio  is  realized  in 
the  ultrathin  section  representation  as  depicted  in  two  dimen- 
sions (plan  view).  A  simplistic  plan  view  of  ultrathin  sec- 
tion [3]  is  depicted  in  figure  64— [4].  A  plan  view  of  the 
thick  section  [1]  would  obviously  be  represented  by  a  very 
large  area  of  solid  particles  with  voids  represented  only  at 
points  V  (fig.  64— ri])  and  would  be  quite  unlike  plan  view 
[4]. 
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PROJECTED   VIEW  OF   ULTRATHIN    SECTION  (3) 

Figure  64. — Representation  of  various  cross  sections  of  clay  sample  thin  sections  from  thick  to  ultratliin. 


The  above  discussion  points  out  the  obvious,  important 
factors  one  should  consider  when  interpreting  electron  pho- 
tomicrographs and  image  enhancement  data  and  graphics 
of  clay  fabrics.  However,  through  the  study  and  examination 
of  hundreds  of  ultrathin  sections  and  photomicrographs  of 
clay  fabric,  it  became  clear  to  the  writer  that  the  various 
factors  adversely  affecting  gray  level  variations  of  particle 
images  were  virtually  insignificant  in  the  final  analyses. 
Obviously  clay  particles  are  considerably  more  electron 
dense  than  the  SPURR  embedding  medium  which  also  can 
vary  slightly  in  thickness  lendering  a  range  of  low   gray 


level  densities.  Particle  boundaries  are  clearly  discernable 
despite  the  various  factors  that  can  affect  the  final  gray  level 
densities.  Again,  the  various  factors  that  affect  the  gray  level 
density  of  the  particles  are  significantly  minimized  when 
sections  are  made  ultrathin  and  solid-to-void  ratios  appear 
to  be  well  represented  in  ultrathin  sections. 

The  initial  study  of  image  enhancement  techniques  as 
applied  to  the  analysis  of  clay  fabric  has  revealed  a  unique 
means  of  evaluating  various  aspects  of  clay  particle  and 
particle-voids  relationships.  The  technique  indicates  that 
the  sediment  investigated  has  remained  essentially  "micro- 
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structurally"  intact,  maintaining  its  particle-to-particle  in- 
tegrity. This  is  borne  out  by  the  apparent  constant  void 
ratio  (porosity)  maintained  throughout  the  entire  analytical 
procedures  of  sample  preparation.  In  addition,  by  finding  a 
relatively  thin  density  slice  which  represents  the  boundary 
between  clay  particles  and  voids,  the  DIPS  and  DGG  sys- 
tems could  produce  a  total  "black"  representation  for  the 
particles  and  total  "white"  image  for  the  voids  creating  a 
very  simple  rendition  for  interpretation  by  virtually  elimi- 
nating confusing  gray  levels,  particularly  in  the  regions  of 
particle-void  boundaries.  Through  this  proposed  technique, 
studies  could  be  made  of  void  geometry,  size  and  shape, 
and  intravoid  geometry  of  floes;  particle  contacts,  size  and 
shape,  and  the  relationships  of  interconnected  voids  and 
particle-particle  links  (all  two-dimensional  relationships). 
Although  such  studies  can  presently  be  made  with  elec- 
tron photomicrographs,  the  image  enhancement  techniques 
and  digital  image  processing  would  undoubtedly  simplify 
the  various  tasks  considerably. 

Investigation  of  other  imaging  systems  applied  to  numer- 
ous electron  photomicrographs  of  clay  fabric  would  be  a 
suggested  means  of  further  testing  and  evaluation  of  the 
proposed  techniques  and  studies.  Other  selected  image  en- 
hancement systems  are  presently  being  investigated  by  the 
writer,  and,  as  pointed  out  above,  various  applications  of 
computer  analysis  as  applied  to  the  study  of  clay  fabric 
appear  to  be  feasible. 


Summary  of  Sample  Quality  and  Techniques 

The  evaluation  of  core  sample  quality  and  subsample 
preparation  techniques  has  revealed  that  standard  soil 
mechanics  tests,  transmission  electron  microscopy,  and 
computer  digital  image  processing  and  image  enhancement 
can  be  integrated  and  used  effectively  to  assess  the  quality 
of  clay  sediment  cores,  the  preparation  of  samples  (tech- 
niques), and  the  electron  photomicrographs  for  clay  fabric 
studies.  Vane  shear  test,  both  in  situ  and  laboratory  (mini- 
ature vane),  revealed  that  the  sediment  cores  of  this  study 
were  high-quality  samples.  Consolidation  tests  also  cor- 
roborated this  conclusion.  Examination  of  transmission 
electron  photomicrographs  of  "undisturbed"  and  remolded 
samples  strongly  indicated  that  the  subsamples  had  been 
prepared  effectively  and  that  the  undisturbed  samples  ha3 
maintained  their  particle-to-particle  structural  integrity. 
Digital  image  processing  and  image  enhancement  of  a  se- 
lected T.E.M.  photomicrograph  (low  shear  strength,  high- 
porosity  Scmiple)  revealed  that  the  fabric  had  not  been  sig-  ] 
nificantly  affected  by  preparatory  techniques,  and  the  par- 
ticle-to-particle integrity  had  been  maintained  by  virtue  of 
the  close  agreement  in  measured  porosities  between  standard  H 
laboratory  technique  and  computer  analysis. 

The  evaluation  of  sample  quality  and  techniques  described 
in  this  study  appears  to  be  applicable  to  other  studies  of 
clay  fabric  employing  the  T.E.M. ,  particularly  as  applied 
to  the  study  of  submarine  clay  sediment.  The  use  of  digital 
image  processing  and  image  enhancement  appears  to  offer 
unique  techniques  to  evaluate  various  attributes  of  clay 
fabric,  particle-to-particle  relationships,  and  clay  voids. 


Discussion  of  Clay  Fabric  and  Selected  Geotechnical  Properties 


Selected  Geotechnical  Properties 

The  Mississippi  Delta  submarine  sediment  investigated 
is  classified  as  a  silty  clay  consisting  of  essentially  little  or 
no  sand.  A  few  exceptions  occur  with  core  depth,  particularly 
between  6  to  21  m  below  the  mudline,  where  the  percentage 
of  sand  size  particles  reaches  2  to  3  percent  by  weight.  TTie 
actual  percentages  of  silt  and  clay  size  particles  vary  some- 
what throughout  the  cored  sediment. 

A  fine-grained  sand  occurs  between  59  and  85  m  below 
the  mudline,  and  physical  properties  measurements  were 
not  available  for  this  material.  Selected  geotechnical  prop- 
erties were  measured,  however,  for  the  silty  clay  sediment 
to  depths  of  152  m  below  the  mudline  in  core  B-1  and  to 
shallower  depths  in  cores  B-2  and  B-3.  The  clay  fabrics 
and  mass  physical  properties  of  core  B-1  were  selected  and 
studied  in  detail  because  of  the  long  continuous  recovery  of 
cored  sediment  compared  to  cores  B-2  and  B-3.  These  two 
cores  were  included  in  this  study  for  supplemental  material 
(selected   cored   depths)    and   for   additional   related  mass 


physical  properties  data.  The  clay  minerals  composing  the 
fine-grained  sediment  consisted  primarily  of  smectite  and 
illite  and  secondarily,  in  minor  proportions,  of  kaolinite 
and/or  chlorite.  These  platy  minerals  constitute  the  "build- 
ing blocks"  of  clay  fabric. 

General  trends  in  the  sediment  geotechnical  properties 
discussed  here  are  quite  similar  among  the  three  cores  with 
core  depth  (except  where  noted) .  Since  this  study  was  con- 
cerned primarily  with  core  B-1  and  for  the  sake  of  sim- 
plicity, the  discussion  of  the  mass  physical  properties  will 
be  confined  to  data  from  this  core.  Examination  of  data 
(plots  of  physical  properties  versus  depth)  from  each  of 
the  three  cores  revealed  not  only  similar  grain  size  character- 
istics (general  trends)  but  also  similar  trends  in  water  con- 
tent and  wet  bulk  density.  Average  values  of  wet  bulk  den- 
sity, water  content,  and  porosity  were  determined  for  3-m 
intervals  for  core  B-1. 

The  highest  water  contents,  averaging  greater  than  80 
f)ercent  (percent  dry  weight),  occur  in  the  upper  few  meters 
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Figure  65. — Geotechnical  properties,  core  B-1. 


of  sediment.  Water  content  decreases  slightly  to  values  of 
66  percent  between  3  and  6  m.  At  depths  between  6  and 
21  m,  the  average  values  decrease  to  54  to  60  percent  in 
response  to  a  significant  decrease  in  clay  size  material  with 
an  increase  in  silt  and  a  slight  increase  in  sand.  Water  con- 
tent again  increases  to  values  as  high  as  70  percent  between 
21  and  37  m,  reflecting  an  increase  in  clay  size  material. 
Below  37  m  the  water  content  decreases  to  values  of  40  to 
46  percent  in  this  silty  clay  sediment  which  overlies  the  fine 
sand  at  approximately  59  m.  These  lower  water  contents 
occurring  between  37  and  59  m  apparently  are  caused  not 
only  by  a  slight  decrease  in  clay  size  material  and  increase 
in  silt  within  this  interval  as  compared  to  the  overlying 
sediment,  but  also  by  dewatering  and  consolidation  proc- 
esses commensurate  with  increasing  overburden  stress.  The 
lowest  water  contents  averaging  35  percent  occur  in  the  old, 
hard,  Pleistocene  clays  below  85  m  depth  (fig.  65) . 


Wet  bulk  density  (wet  unit  weight,  Mg/m'')  increases 
rather  steadily  from  low  values  of  1.41  Mg/m'  in  the  upper 
few  meters  of  sediment  to  values  of  1.78  Mg/m*  at  37  m. 
Wet  bulk  density  values  average  1.82  Mg/m'^  between  37 
and  about  58  m  which  are  slightly  higher  than  those  of  the 
overlying  sediment.  The  clays  between  85  and  152  m  have 
wet  bulk  densities  which  average  about  1.81  Mg/m",  essen- 
tially the  same  as  the  values  for  the  younger  clay  between 
37  and  58  m.  Only  a  very  slight  overall  increase  in  bulk 
density  appears  to  occur  with  increasing  depth  in  this  old 
Pleistocene  clay  (fig.  65) . 

The  rather  homogenous  mineralogy  of  the  sediment 
throughout  the  length  of  the  cored  material  is  reflected  in 
the  average  grain  specific  gravities  (average  grain  densities ) . 
Specific  gravities  of  the  solids  show  a  slight  increase  from  a 
low  2.64  in  the  upper  few  meters  of  sediment  to  a  high  of 
2.71  in  the  deep  Pleistocene  clays  between  85  and  152  ra. 
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A  value  of  2.65  was  estimated  for  the  fine  sands  at  59  and 
85  m  depth  and  was  used  for  computation  purposes  in  de- 
riving other  physical  properties  of  the  sands  (i.e.  porosity, 
void  ratio,  buoyant  weight,  and  overburden  stress — Lambe 
and  Whitman  1969,  pp.  30-31). 

As  expected,  the  changes  in  porosity  (ratio  of  volume  of 
voids  to  total  unit  volume)  with  core  depth  follow  closely  the 
same  general  trends  as  the  water  content  profile  (fig.  65), 
Porosities  range  from  as  high  as  71  percent  in  the  upper 
few  meters  of  cored  sediment  to  as  low  as  49  percent  in  the 
deeply  buried  Pleistocene  clays.  Porosity  or  void  ratio  (vol- 
ume of  the  voids  to  the  volume  of  solids )  is  a  good  indicator 
of  the  dewatering  which  sediments  undergo  during  natural 
consolidation  as  a  function  of  increasing  overburden  stress 
with  sediment  depth.  Void  ratio  and  porosity  are  related  not 
only  to  water  content  but  also  to  basic  mass  physical  prop- 
erties such  as  grain  specific  gravity  and  wet  bulk  density 
(Bennett  and  Lambert  1971)  which  in  turn  normally  vary 
with  increasing  depth  of  burial.  Thus  the  porosity  of  a 
sediment  core  of  relatively  uniform  grain  specific  gravity 
and  grain  size  would  reflect  significant  changes  in  bulk 
density  and  water  content  with  increasing  core  depth  in  re- 
sponse to  sediment  dewatering. 

Based  on  the  physical  properties  of  core  B~l  discussed 
above,  five  general  porosity  zones  can  be  delineated  which 
reflect  relative  degrees  of  increasing  natural  consolidation 
and  dewatering  of  the  silty  clay  sediment  (fig,  66),  These 
porosity  zones  form  a  framework  for  discussion  and  descrip- 
tion of  the  clay  fabrics  and  related  physical  properties  of 
the  cored  sediment  investigated  during  this  study.  The  most 
directly  apparent  mass  physical  properties  that  can  be  re- 
lated to  clay  fabric  for  a  given  naturally  deposited  sediment 
having  relatively  uniform  grain  specific  gravity,  mineralogy, 
and  grain  size,  are  porosity  and  void  ratio.  For  this  reason, 
void  ratio,  e,  and  porosity,  n,  are  discussed  in  terms  of  clay 
fabrics  in  this  investigation,  and  they  are  related  by : 


depth  in 

meters  porosity  n(%) 
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porosity  =  n  = and:  n  =  r,./Kr  and 

1  +  e 

e=V,/V„andVT  = 

=  V,-+V,     (6a) 

y./v. 

v._ 

,h.,../i.__     ^^/^^     _^«-^^' 
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V,.  =  volume  of  voids  - 

Vg  —  volume  of  solids 

Vt  =  total  volume  of  sediment  mass 

The  void  ratio  profile  follows  the  same  trends  as   the 
porosity  profile  with  increasing  depth  below  the  mudline. 


Figure  66. — Porosily  versus  depth,  clay  porosity  zones  core  B-1. 

Identification  and  Description  of  Clay  Fabric  by 
Transmission  Electron  Microscopy 

Terminology 

The  review  of  previous  research  on  clay  fabric  and  clay 
microstructure  in  general  has  revealed  a  rather  broad  use 
of  terminology  and  in  some  cases  an  overlap  in  meaning  of 
terms.  A  few  key  terms  will  be  defined  here  as  used  in  the 
context,  description,  and  discussion  of  the  clay  fabric  of 
cores  B-1  and  B-2  and  in  the  remainder  of  this  paper. 
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Domain:  A  perfect  or  nearly  perfect  stack  of  face-to- 
face  clay  plates  with  some  slight  stepped  face-to-face  asso- 
ciation possible.  No  genetic  connotation  is  implied  in  the 
use  of  this  term,  although  it  is  realized  that  the  domain  may 
have  formed  through  processes  of  flocculation,  consolida- 
tion, formed  authigenically,  or  developed  as  such  from  a 
parent  mineral  prior  to  its  erosion  and  subsequent  deposi- 
tion as  a  detrital  particle. 

Floccule  or  FLOC:  A  well  defined  clay  unit  of  several 
particles  having  spatial  arrangements  and  particle  contacts 
which  produce  relatively  large  intravoids  relative  to  the 
thickness  of  an  individual  particle  of  which  the  floe  is  com- 
posed. No  meaning  is  implied  as  to  the  origin  of  the  floc- 
cule whether  in  the  water  column,  at  the  sediment-water 
interface,  or  otherwise. 

Chain  or  linking  chain  :  A  series  of  particles  in  stepped 
face-to-face  and/or  edge-to-edge  contact  which  may  termi- 
nate in  contact  between  larger  units  such  as  floes  or  larger 
particles.  Some  chains  appear  to  be  long  and  rather  con- 
tinuous. The  mode  of  origin  is  not  implied  in  the  use  of 
these  terms. 

Particle:  The  particle  as  used  in  this  paper  is  a  well 
defined  and  identifiable  unit.  It  can  be  a  single  clay  platelet 
(as  resolved  by  the  electron  microscope),  and  it  can  also 
be  used  in  reference  to  a  domain.  The  particle  can  be 
thought  of  as  the  fundamental  "building  block"  of  clay 
fabric.  Although  the  single  clay  platelet  may  be  more  a  fig- 
ment of  theory  than  a  significant  component  of  natural  clay 
sediments,  the  clay  platelet  terminology  is  used  here  to 
differentiate  between  the  relatively  thick  well  identifiable 
domains  and  the  very  thin  "single  platelike"  clay  particles. 
The  clay  particle  as  defined  here  is  the  fundamental  unit 
upon  which  a  particular  sediment  fabric  is  built.  Domains 
and/or  single  clay  platelets  are  deposited  as  sediment  to 
form  various  arrays,  spatial  arrangements,  and  larger  fabric 
units.  Floes  and/or  chains,  and  domains  whether  formed  in 
the  water  column,  or  at  the  sediment-water  interface,  in  turn 
play  a  significant  role  in  constructing  different  types  of 
sediment  fabric. 

Fabric  of  shallow  versus  deep  core  samples 

High  porosity  clays.  The  relatively  high  porosity  sediment 
of  the  upper  few  meters  of  cores  B-1  and  B-2  is  character- 
ized by  randomly  arranged  particles.  The  particles  are  for 
the  most  part  domains,  and  their  presence  can  be  verified  not 
only  by  megascopic  examination  of  the  photomicrographs 
but  also  by  the  graphic  displays  depicted  by  the  image  en- 
hancement DIPS/DGG  system.  Domains  are  clearly  borne 
out  in  the  density  slice  renditions  of  figures  61  and  62. 
Particles  are  composed  of  face-to-face  clay  platelets  forming 
an  essentially  nearly  perfect  "stack."  Thus  the  DIPS  was 
capcible  of  delineating  at  least  some  of  the  components  of  the 
domain    particles.    Photomicrographs    45EM,    46EM,    and 


52EM  depict  the  clay  fabric  which  is  characteristic  of  the 
upper  few  meters  of  high  porosity  sediment  of  cores  B-1 
and  B-2  (zone  i,  fig.  66).  Photomicrograph  67EM  (1.4  m) 
reveals  numerous  randomly  arranged  domains  in  edge-to- 
edge  and  edge-to-face  contact  producing  a  relatively  high 
porosity  sediment.  The  domains  appear  to  vary  over  a  con- 
siderable range  of  sizes.  Large  voids  and  particle  contacts 
are  clearly  apparent  in  the  stereographic  view  of  figure 
68EM  (1.4  m(,  and  a  few  short  chains  appear  to  be  present. 


Figure  67. — Clay    fabric   of   randomly   oriented   domains,    core    B-1 

(1.4  m). 


Sediment  sampled  from  2  m  below  the  inudline  reveals 
the  same  general  fabric  as  the  overlying  clay.  The  fabric 
also  is  characterized  by  well  defined  domains  oriented  in 
a  random  arrangement  with  numerous  edge-to-face  particle 
contacts  (figs.  69EM  and  TOEMl.  High  magnifications  of 
this  clay  (B-1,  2  m)  reveal  the  nature  and  details  of  the 
fabric  particle  contacts  (figs.  71EM  and  72EM).  Very  small 
particle  chains  and  "arching"  are  readily  apparent,  and 
edge-to-face  contacts  are  clearly  visible.  Even  at  these  rela- 
tively high  magnifications,  the  linking  chains  (although 
short)  and  oblique  particle  contacts  reveal  the  nature  of 
large  voids  relative  to  the  clay  and  thus  provide  a  reason- 
able explanation  for  the  high  porosity  of  these  shallow,  zone 
1,  clays. 

Clay  samples  from  9.3  m  below  the  mudline  reveal  a 
slight  increase  in  density  and  decrease  in  porosity  within 
zone  2;  however,  the  fabric  characteristics  are  essentially 
a  random  arrangement  of  domains  as  revealed  by  the  elec- 
tron photomicrographs  (figs.  73EM  and  74EM).  Important 
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Figure  68. — Clay  fabric  of  randomly  oriented  domains  and  a  few  short  chains,  core  B-1   (1.4  mi). 
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FiciniE    69. — Clay    fabric    of    randomly    oriented    domains    showing 
numerous  edge-to-face  particle  contacts,  core  B-1    (2.0  m). 


Richard  H.  Bennett,  William  R.  Bryant  ,and  George  H.  Keller 


59 


16,000x. 
]  /J    m 


Figure  71. — Clay  fabric   showing   randomly   oriented   domains,   with 
pronounced  particle  contacts  and  short  chains,  core  B-1  (2.0  m). 


Figure   73. — Clay   fabric   of    randomly    oriented    domains,    core   B-2 

(9.3  m). 


Figure  72. — Clay  fabric  showing  short  chains,  arching,  and  particle 
contacts,  core  B-1  (2.0  m). 


1  M   m 


Figure   74. — Clay   fabric    of   randomly   oriented    domains,    core    B-2 

(9.3  m). 
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to  note  is  the  fact  that  the  decrease  in  porosity  in  zone  2  is 
due  not  only  to  the  slight  dewatering  commensurate  with  the 
process  of  consolidation  but  also,  possibly  more  important 
in  this  case,  to  the  significant  overall  decrease  in  clay  con- 
lent  and  corresponding  increase  in  silt  size  particles  within 
this  interval. 

Clay  samples  from  27.6  and  27.7  m  in  porosity  zone  3  are 
characterized  by  relatively  high  water  contents  and  cor- 
respondingly high  porosities  (figs.  65  and  66).  Despite  the 
fact  that  porosity  zone  3  is  deeper  (below  the  mudline ) 
than  zone  2,  the  porosities  are  high  due  to  the  significant 
increase  in  clay  size  material  in  this  zone  and  correspond- 
ing decrease  in  silt  and  sand  size  particles.  The  clay  fabric 
photomicrographs  clearly  depict  the  relatively  high  porous 
nature  of  these  zone- 3  sediments  (figs.  75EM  and  76EM). 


1  /*    m 

Figure  75. — Clay  fabric  of  well-defined  domains,  core  B-1  (27.7  m). 


The  clay  particles,  predominately  domains,  are  oriented 
random.ly;  hovtever,  the  photomicrographs  reveal  a  slight 
tepdency  of  some  of  the  particles  toward  common  alignment, 
but  it  appears  to  be  a  very  minor  degree.  Of  significance  to 
note  are  the  large  voids  (depths  of  27  to  28  m  below  the 
mudline),  the  presence  of  some  fairly  large  domains,  and  a 
few  relatively  long  chains  as  compared  to  the  fabric  char- 
acteristics of  the  overlying  sediment  (figs.  77EIVI  and  78EM). 
Numerous  edge-to-face  particle  contacts  are  depicted  in  the 
photomicrographs.  These  particle  contacts  and  the  large 
voids,  relative  to  the  thickness  of  the  clay  particles,  are  evi- 
dent at  high  magnification  (fig.  79EM).  Although  a  few 
chains  are  observed  in  the  photomicrographs,  the  fabric  of 
zone  3,  in  general,  appears  to  be  quite  similar  and  essentially 
the  same  as  the  overlying  sediment  clay  fabric.  The  differ- 
ences  appear  to   be   the  slight  decrease   in   porosity    with 


Figure  76. — Clay  fabric  of  well-ilefineci  randomly  oriented  domains, 
core  B-2    (27.6  m), 

depth  of  burial  and  a  slight  increase  in  packing  of  the  clay 
particles  as  compared  with  zone  1,  Sediments  from  zones  1 
through  3  have  the  highest  porosities  and  void  ratios  as 
compared  to  the  remainder  of  the  cored  material. 

The  clay  fabric  characteristics  of  the  high  porosity  sedi- 
ment can  be  summarized  prior  to  proceeding  to  a  descrip- 
tion of  the  deeper,  underlying,  lower-porosity  clays.  Exami- 
nation of  the  clay  fabric  has  revealed  a  relatively  high  void 
ratio  sediment  with  randomly  oriented  domains  forming  the 
dominant  clay  structure.  An  important  feature  to  note,  par- 
ticularly visible  in  the  stereographic  photomicrographs,  is 
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FicuRE  77. — Clay   fabric   having  relatively   large  domains,   core  B-1 

(27.7  m). 
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Figure  78. — Clay  fabric  of  domains  and  chains,  core  B-1   (27.7  m). 


the  extremely  fine  (thin),  small  clay  particles  that  appear 
to  cluster  in  close  proximity  to  the  relatively  large  domains 
which  form  the  dominant  characteristic  of  the  clay  fabric. 
These  fine  particles  appear  to  have  a  strong  affinity  to  the 
large  domains  and  also  seem  to  cluster  between  the  larger 
particles  (figs.  68EM  and  78EMI.  These  particles  are  recog- 
nized by  their  light  gray,  thin,  "halo-like"  appearance  around 
the  large  particles  in  contrast  to  tlie  electron-dense  domains. 
They  are  observed  fairly  well  also  at  high  magnifications 
(figs.  79EM  and  80EM). 


The  randomly  oriented  domain  fabric  is  structured  to 
form  the  moderately  high-porosity,  high  void  ratio,  clay 
sediment  characteristic  of  the  37  m  of  cores  B-1  and  B-2 
(fig.  66).  This  type  of  fabric  does  not,  however,  have  the 
highly  structured  floe  and  linking  chain  features  character- 
istic of  the  D.S.D.P.  clay  sample,  and  thus  the  intravoid 
features  are  not  present  to  the  same  degree  in  these  delta 
clay  samples.  Expressed  in  another  sense,  the  relatively  high- 
porosity  Mississippi  Delta  samples  of  this  study  are  char- 
acterized by  a  rather  wide  distribution  of  void  sizes  as  ob- 


FiGURE  79. — Clay  fabric  of  domains  with  pronounced  particle  con- 
tacts, core  B-1   (27.7  m). 


FiccRE  80. — Clay  fabric  of  randomly  oriented  domains  with  very  fine 
"clusters"  of  particles  around  the  domains,  core  B-1   (1.4  m). 
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served  in  the  electron  photomicrographs  as  compared  to 
the  apparent  bimodal-like  distribution  of  void  sizes  (intra- 
voids  versus  intervoids)  observed  in  the  D.S.D.P.  clay 
fabric  (figs.  41EM  and  43EM).  Although  obliquely  oriented 
edge-to-face  particle  contacts  enclose  and  develop  pore  space 
in  the  Mississippi  Delta  clays,  well  defined  floe  entities  are 
not  readily  apparent.  Well  developed  multiplate  domains  are 
the  dominant  particle  "building  blocks"  of  the  relatively 
high-porosity  clay  fabric  of  cores  B-1  and  B-2  in  contrast 
to  the  more  "single  platelike"  nature  of  the  floes  and  link- 
ing chains  of  the  D.S.D.P.  clay  fabric. 

Low-porosity  clays.  The  lowest-porosity  clays  encountered 
in  this  study  occurred  at  core  depths  in  excess  of  85  m 
(Fig.  66).  Samples  from  zone  4  with  porosities  only  slightly 
higher  than  zone  5  were  not  available  for  electron  microscopy 
studies.  However,  the  samples  studied  from  zone  5  have  in- 
deed revealed  significant  clay  fabric  characteristics  quite 
different  from  the  overlying  moderately  high-porosity  clays 
( zones  1—3 ) . 

Electron  photomicrographs  of  the  clay  fabric  sampled  at 
a  depth  of  120.4  m  below  the  mudline  (core  B— 1)  reveal  a 
remarkable  increase  in  overall  density  of  particle  packing, 
the  presence  of  small,  thin  voids,  low  porosity  and  strong 
particle-to-particle  alignment  (fig.  81  EM)  as  compared  with 
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Figure  81. — Clay  fabric  of  highly  oriented  domains  that  include  obli- 
quely oriented  domains,  core  B-1    (120.4  m). 


the  higher  porosity  clays.  Very  strong  overall  preferred 
particle  orientation  is  observed;  however,  local  areas  also 
are  observed  with  some  particles  aligned  at  oblique  angles 
to  the  general  trend  of  the  preferred  particle  orientation. 
Considerably  long  continuous  chains  of  particles  are  de- 
picted which  form  the  bulk  of  the  preferred  orientation. 


Figure  82. — Clay  fabric  depicting  highly  oriented  clay  particles  and 
bending  around  large  electron  dense  particles,  core  B-1   (120.4  m). 


These  chains  undoubtedly  developed  in  response  to  the 
process  of  natural  consolidation  and  dewatering  commensu- 
rate with  increasing  sedimentation  and  overburden  stress. 
Some  of  the  chains  and  particles  are  seen  to  bend  and  distort 
around  relatively  large  electron  dense  particles  (fig.  82EM). 
The  white  area  observed  in  photomicrograph  82EM  is  arti- 
fact and  due  to  slight  tearing  and/or  incomplete  impregna- 
tion of  the  embedding  medium  during  sample  preparation. 
Strong  preferred  orientation  of  the  clay  particles  is  apparent ; 
however,  numerous  clay  particles  (domains)  are  aligned  at 
large  angles  to  the  preferred  orientation. 

Photomicrographs  depicting  the  clay  fabric  of  the  sedi- 
ment sampled  at  a  depth  of  144.8  m  reveal  a  quite  similar 
fabric  compared  with  the  clays  sampled  at  120.4  m  (core 
B— 1 )  below  the  mudline.  The  clay  fabric  is  characterized  by 
very  strong  preferred  particle  orientation  of  domains  and 
rather  continuous,  long  chains  (figs.  83 EM  and  84EM).  The 
clay  particles  are  efficiently  packed  in  close  proximity,  giving 
rise  to  the  development  of  preferred  particle  orientation; 
however,  as  observed  in  the  photomicrographs  of  the  clay 
fabric  of  the  sediment  from  120.4  m,  not  all  of  the  particles 
are  aligned  parallel  with  one  another  and  with  the  general 
trend  of  the  preferred  particle  orientation  of  the  sample. 
Likewise,  these  photomicrographs  depict  several  areas  where 
chains  and  particles  wrap  and  bend  around  adjacent,  larger 
particles  and  groups  of  particles.  A  few  particles  are  oriented 
not  only  at  oblique  angles  to  the  preferred  particle  orienta- 
tion but  are  observed  to  lie  virtually  normal  to  the  preferred 
direction  (fig.  84EM).  Gillott  (1969)  also  observed  a  strong 
but  not  perfect  degree  of  particle  preferred  orientation  of 
clay  minerals  in  a  well  developed  fissile  shale,  He  observed 
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Figure    83. — Clay    fabric    of    highly    oriented    domains,    core    B-1 
(144.8    m). 

that  numerous  platy  minerals  were  arranged  at  large  angles 
to  the  general  fissility  of  the  shale.  Gipson  (1965)  observed 
a  similar  fabric  relationship  during  the  study  of  fissility  in 
shale.  Strong  preferred  particle  orientation  but  not  perfect 
particle  alignment  is  necessary  to  develop  a  relatively  fissile 
sediment. 

Noteworthy  also  is  the  fact  that  these  rather  deeply  buried 
submarine  clays  of  porosity  zone  5  are  characterized  by  a 
preponderance  of  "thin,"  long,  narrow  voids  which  are 
produced  by  the  particle-to-particle  alignment  and  develop- 
ment of  chains. 

The  void  geometry  of  the  deeply  buried  clays  is  quite  un- 
like the  voids  of  the  overlying  high-porosity  sediment,  which 
is  characterized  by  very  irregular  shape.  In  general  descrip- 
tive terms,  the  voids  of  the  shallow,  high-porosity  clays  could 
be  expressed  by  a  length  to  width  ratio  which  approaches  a 
value  of  unity,  whereas  the  lower,  deeply  buried  clays  would 
be  characterized  by  a  void  geometry  with  the  length  to  width 
ratio  approaching  infinity.  Apparently  a  number  of  the 
obliquely  trending  particles  and  particles  lying  normal  to  the 
overall  general  preferred  orientation  of  the  clay  fabric  are 
associated  with  a  few  of  the  larger  irregular  shaped  voids  of 
the  deeply  buried  clays.  Clearly,  despite  the  considerable 
strong  degree  of  preferred  clay  particle  orientation  observed 
in  these  low-porosity  clays,  significant  numbers  of  particles 
usually  in  the  form  of  domains,  deviate  from  the  preferred 
general  direction.  This  influences  the  overall  fabric  charac- 
teristics and  thus  produces  few  irregularly  shaped  voids  and 
folding  and  bending  of  particles  and  chains.  These  character- 
istic features  were  not  observed  in  the  overlying  high-poros- 
ity clays.  These  features  are  interpreted  here  as  being  formed 
and  thus  developed  from  the  process  of  natural  consolidation 


Figure  84. — Clay  fabric  of  highly  oriented  domains  in  which  not  all 
particles  are  oriented  preferentially,  core  B-1   (144.8). 

and  imposed  stress  conditions  given  the  fabric  type  and  re- 
lated geochemical  conditions  amenable  to  the  development  of 
strong  preferred  particle  orientation  at  depths  of  burial 
within  zone  5. 

Summary  of  clay  fabric  versus  depth  of  burial.  In  retro- 
spect, the  electron  photomicrographs  have  clearly  revealed  a 
clay  fabric  of  randomly  oriented  domains  characteristic  of 
the  moderately  high  porosities  to  depths  of  approximately 
37  m  below  the  mudline.  Domains  are  the  predominant  clay 
particle  type  present  with  some  recognizable  thin  "single 
platelike"  particles  associated  particularly  in  close  proximity 
to  the  large  particles.  The  voids  of  the  high-porosity  clays 
range  in  size  from  "small"  to  relatively  "large,"  and  they 
are  irregularly  shaped.  The  deeply  buried,  relatively  low- 
porosity  clays  are  characterized  by  a  strongly  oriented  clay 
fabric  with  associated  "thin"  long  voids.  A  dominant  pre- 
ferred particle  orientation  but  not  complete  preferential  ar- 
rangement is  the  rule  for  these  clay  sediments. 

In  reference  to  various  fabric  models  proposed  in  the  liter- 
ature, the  most  important  feature  characteristic  of  the  Missis- 
sippi Delta  clays  (cores  B— 1  and  B— 2)  investigated  during 
this  study,  is  the  presence  of  domains  as  the  basic  frame- 
work of  the  fabric.  The  fabric  characteristic  of  these  clay 
sediments  appears  to  agree  reasonably  well  with  the  model 
of  particle  arrangement  in  flocculated  clay  proposed  by 
Moon  (1972)  with  the  following  exceptions  (fig.  23)  : 

(1)  The  Mississippi  Delta  clays  are  characterized  by  a 
wide  range  of  clay  particle  sizes  not  depicted  in  the  model 
proposed  by  Moon.  Thus  the  natural  fabric  is  more  varied 
and  complex. 

( 2 )  Moon  proposed  a  considerably  lower  degree  of  pre- 
ferred particle  orientation  for  consolidated  clay  than  was 
observed  in  the  low-porosity  Delta  clays. 


64 


Clay  Fabric  and  Geotechnical  Properties  of  Sediment  Cores 


(3)  The  Delta  low-porosity  consolidated  clays  revealed 
the  "thin"  long  voids  associated  with  the  high  degree  of 
preferred  particle  orientation  not  shown  by  Moon. 

Noteworthy  also  is  the  fact  that  the  clay  fabric  of  the  rela- 
tively high-porosity  (zones  1  through  3)  sediment  rather 
closely  resembles  the  "turbostratic"  arrangement  proposed 
by  Aylmore  and  Quirk  (1960,  fig.  11).  This  type  of  fabric 
was  questioned  strongly  by  Meade  (1964)  as  being  a  sig- 
nificant component  of  natural  sediments.  Meade  (1964) 
stated  that  there  was  little  or  no  evidence  to  support  the  for- 
mation of  either  oriented  fabrics,  preferred  or  turbostratic 
arrangements  during  natural  consolidation.  Bowles  and 
others  (1969)  found  that  the  clay  fabric  of  most  undisturbed 
submarine  sediment  from  selected  areas  of  the  Gulf  of  Mex- 
ico was  characterized  by  a  loose,  open,  random  arrangement 
of  particles.  They  suggested  that  clay  particles,  observed  in 
samples  subjected  to  low  normal  stresses,  were  packets  of 
parallel  oriented  particles  that  may  have  been  an  original 
feature  of  the  fabric  prior  to  loading.  The  evidence  was  noit 
conclusive  for  the  presence  of  domains  but  it  was  certainly 
suggestive. 

Through  the  application  of  image  enhancement  and  digital 
image  processing  of  the  high  porosity,  zone  1,  clay  fabric 
photomicrograph  52EM,  evidence  clearly  indicates  the  pres- 
ence of  multiplate  particles  or  domains.  This  particular 
clay  sample  was  under  only  1.4  m  of  relatively  recently 
deposited  sediment  with  obviously  minimal  overburden  stress 
(<0.12X102  kPa)  imposed  on  the  material 

The  D.S.D.P.  clay  fabric  sample  characterized  by  floes 
and  linking  chains  contrasts  sharply  with  the  fabrics  of  the 
Mississippi  Delta  samples.  In  addition,  the  void  ratio  of  3.5 
and  porosity  of  78  percent  determined  for  the  D.S.D.P.  sam- 
ple differed  markedly  from  the  Delta  samples.  The  clay 
fabric  of  the  D.S.D.P.  sample,  however,  closely  resembles  the 
observations  and  model  depicted  by  Pusch  (1966.  1970)  by 
virtue  of  the  floes  and  linking  chains  observed  in  his  T.E.M. 
studies  (fig.  21).  This  conclusion  was  corroborated  by  Pusch 
(personal  communication). 

The  significant  conclusion  regarding  the  clay  fabric  ob- 
served for  the  Mississippi  Delta  samples  is  that  domain  par- 
ticles do  exist  in  these  moderately  high  porosity,  only  slightly 
consolidated,  submarine  clay  sediments  and  that  strong 
preferred  particle  orientation  is  achieved  at  depths  of  not 
greater  than  120  m  and  probably  somewhat  less.  The 
D.S.D.P.  high-porosity,  high  void  ratio,  deep-sea  clay  fabric 
is  characterized  by  floes  (with  large  intravoids)  connected 
by  linking  chains  thus  producing  a  sediment  of  high  water 
content  even  at  depths  of  140  to  144  m  below  the  mudline. 
The  difference  in  the  fabrics  of  the  two  sediment  types  is 
clearly  due  to  the  significant  difference  in  depositional  en- 
vironment, sediment  source,  and  related  environmental  con- 
ditions. Rates  of  sediment  deposition  and  source  of  supply 
are  quite  likely  important  contributing  factors  responsible 


for  the  differences  in  the  ultimate  clay  fabrics  of  the  two 
sediment  types. 


Clay  fabric  versus  selected  mass 
physical  properties 

Void  ratio  and  porosity  are  fundamental  properties  of  sedi- 
ment that  readily  reflect  changes  in  water  content  with  in- 
creasing depth  of  burial  through  the  processes  of  dewatering 
and  consolidation.  Important  to  note  is  that  changes  in  void 
ratio  of  a  given  sedimentary  deposit  of  relatively  uniform 
grain  size  distribution  and  uniform  grain  density  clearly  re- 
flect corresponding  changes  in  the  basic  mass  physical  prop- 
erties such  as  wet  bulk  density  and  water  content.  Void  ratio 
is  an  excellent  property  for  comparing  samples  of  a  given 
sediment  particularly  with  reference  to  consolidation,  de- 
watering,  and  depth  of  burial,  because  the  voids  decrease  in 
size  with  increasing  overburden  stress  in  contrast  to  the 
solids  which  maintain  a  constant  volume  acting  as  a  "com- 
mon denominator"  for  comparison  purposes.  Thus  void  ratio 
indicates  a  direct  relationship  between  the  solids  and  the 
voids  of  a  given  sediment  mass. 

Decreasing  water  content,  void  ratio,  and  porosity  and  in- 
creasing bulk  density  as  a  function  of  depth  below  mudline 
is  an  accepted  axiom  of  marine  geology  and  sedimentology. 
Although  exceptions  and  variation  to  the  rule  do  occur,  the 
basic  principle  of  decreasing  water  content  with  increasing 
sediment  depth,  particularly  for  a  specific  sediment  type,  has 
been  observed  to  be  essentially  ubiquitous  for  submarine 
sediments  in  general.  This  raises  fundamental  questions  as 
to  what  changes  a  sediment  undergoes  during  consolidation 
with  increasing  overburden  stress  in  terms  of  1)  changes  in 
particle  orientation  relative  to  the  fabric  of  the  freshly 
deposited  high  porosity  material,  2)  how  the  fabric  is  related 
to  fundamental  physical  properties  of  the  particular  sediment 
mass,  and  3 )  whether  the  laboratory  consolidation  of  a  given 
sediment  sample  accurately  simulates  the  natural  consolida- 
tion process  of  the  sedimentary  deposit  from  which  it  was 
sampled.  The  purpose  here  is  to  examine  these  questions 
in  light  of  the  okserved  clay  fabrics  and  laboratory  data. 
The  first  of  these  questions  has  been  examined  in  the  pre- 
vious section  of  this  paper  with  the  exception  that  the  clay 
fabric  was  discussed  in  terms  of  depth  of  burial  rather  than 
in  terms  of  imposed  load  or  overburden  stress. 

Void  ratio  versus  particle  orientation.  Examination  of  the 
numerous  electron  photomicrographs  of  the  clay  fabric  from 
cores  B— 1  and  B— 2,  particularly  with  reference  to  depth  of 
burial,  has  clearly  revealed  a  decrease  in  void  ratio  and 
change  in  general  voids  shape.  As  with  porosity  versus 
depth,  void  ratio  can  be  summarized  for  each  zone  depicting 
a  range  of  values  and  a  characteristic  average  value  for  each 
zone  as  follows: 
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Depth  in 

Void  ratio  ( e ) 

Average 

meters 

Zone 

range 

value 

0-6 

I 

2.21-2.45 

2.33 

6-21 

2 

1.86-2.10 

1.% 

21-37 

3 

1.51  - 1.94 

1.81 

37-58 

4 

1.09  - 1.28 

1.21 

85  - 152 

5 

0.94-1.29 

1.07 
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These  data  show  a  significant  decrease  in  void  ratio  with 
increasing  depth  of  burial  that  is  reflected  particularly  well 
in  the  average  values.  Due  to  a  common  degree  of  variability 
observed  in  most  sediment  cores,  a  slight  overlap  occurs  in 
the  range  of  void  ratio  values  between  some  zones.  The  clay 
fabric  characteristic  of  each  selected  zone  can  be  related  in 
general  to  the  observed  void  ratios  by  the  following  diagnos- 
tic features: 

Zone  1  (0-6  m,  average  void  ratio  e  =  2..B3) :  The  mod- 
erately high  void  ratio  sediment  is  characterized  generally 
by  randomly  oriented  domains  in  edge-to-face  contact,  large 
irregularly  shaped  voids,  a"  few  short  chains,  and  some  edge- 
to-edge  contacts.  "Clusters"  of  fine  small  clay  particles  ap- 
pear as  "halos"  around  larger  domains. 

Zones  2—3  (6-37  m,  average  void  ratios  e  =  1.96  — 
1.81)  :  The  void  ratios  within  these  two  zones  are  observed 
to  decrease  slightly  with  depth,  and  are  significantly  lower 
than  observed  in  zone  1.  The  clay  fabric  characteristics  are 
in  general  common  for  both  zones  2  and  3.  The  clay  fabrics 
is  dominated  by  randomly  oriented  domains,  a  lower  void 
to  solid  ratio  as  compared  to  zone  1,  an  apparent  slight  in- 
crease in  the  size  of  some  domains,  a  slight  increase  in  par- 
ticle-to-particle packing  as  compared  to  zone  1,  and  the 
presence  of  a  few  chains.  "Clusters"  of  small,  fine  particles 
around  larger  domains  are  observed  also  in  these  zones. 

Zone  4  (37-58  m,  average  void  ratio  e  =  1.21) :  No  clay 
fabric  data  are  available,  but  the  void  ratios  indicate  that 
the  fabric  characteristics  would  probably  lie  between  those 
observed  in  zones  2  to  3  and  zone  5. 

Zone  5  (85—152  m,  average  void  ratio  e  =  1.07) :  Low 
void  ratios  are  common  to  these  clays,  and  the  correspond- 
ing fabric  is  dominated  by  a  high  degree  of  preferred  par- 
ticle orientation.  Long  continuous  chains  of  particles  are 
arranged  preferentially,  separated  by  small,  thin  voids.  A 
few  particles  are  oriented  obliquely  to  the  overall  preferred 
orientation  of  the  particles.  The  "clusters"  of  fine  particles 
appear  to  generally  lose  identity  in  this  zone. 

Clay  fabric  notation  and  geotechnical  properties.  A  very 
clear  and  intelligible  picture  of  the  clay  fabric  of  the  Missis- 
sippi Delta  sediment  is  realized  when  the  void  ratio  is  given 
with  the  characteristic  features  of  the  fabric.  To  a  first  ap- 
proximation, the  clay  fabric  observed  during  this  study  of 
the  Delta  sediment  can  be  described  as  randomly  oriented 
domains  (relatively  high  void  ratio,  high  porosity  sediment) 
and  preferentially  oriented  domains  (low  void  ratio,  low  po- 


rosity sediment).  Other  descriptive  terms  can  be  applied  to 
the  characteristics  of  the  clay  fabric,  such  as  long  or  short 
linking  chains  (regardless  of  their  nature,  i.e.  EE,  stepped 
FF,  or  a  combination  of  EE  and  stepped  FF).  For  example, 
a  fabric  can  be  described  as  randomly  oriented  domains  with 
short  or  long  linking  chains.  Further,  the  presence  of  floe- 
cules  with  linking  chains  (D.S.D.P.  sample),  domains,  or 
with  relatively  thin  "single  platelike"  particles  can  be  de- 
scribed. Short,  simple  notations  can  be  applied  to  these  rather 
long  descriptive  phrases  for  clarity,  simplicity,  and  for  com- 
parison of  fabric  samples.  The  suggested  clay  fabric  notation 
can  be  sununarized  as  follows: 

D  Domains 

T  Thin  "single  platelike"  particles 

C  Chains 

F  Floccule  or  Floe 

R  Random  (randomly) 

P  Preferred  (preferential) 

0  Oriented 

S  Short 

L  Long 

L  Linking 

A  few  possible  combinations  are  as  follows: 
ROD  Randomly  Oriented  Domains 
POD  Preferentially  Oriented  Domains 

LLC  Long  Linking  Chains 

SLC  Short  Linking  Chains 

ROT         Randomly    Oriented    Thin    "single    platelike" 

particles 
POT         Preferentially  Oriented  Thin  "single  platelike" 

particles 
F/D  Floccules  with  Domains 

F/C  Floccules  with  Chains 

Many  other  combinations  for  describing  clay  fabric  are 
possible  with  these  notations.  With  these  simple  notations 
and  a  given  void  ratio,  a  clear  picture  of  the  clay  fabric  can 
be  described.  For  example,  the  clay  fabric  of  the  upper  6  m 
of  the  Delta  clay  can  be  easily  described  as  ROD/ SLC  (2.33) 
or  randomly  oriented  domains  with  short  linking  chains 
having  a  void  ratio  of  2.33.  The  fabric  characteristic  of  the 
sediment  between  6  and  37  m  can  be  described  as  ROD/SLC 
(1.96-1.81)  which  is  a  similar  fabric  compared  to  the  over- 
lying fabric  but  slightly  consolidated.  The  deeply  buried 
clays  can  be  described  by  the  notation  POD/LC  (1.07).  Ob- 
viously this  denotes  a  relatively  highly  consolidated  clay  with 
strong  preferred  particle  orientation  and  long  chains.  The 
D.S.D.P.  clay  fabric  sample  can  be  easily  described  as 
ROTF/LLTC  (3.5)  or  randomly  oriented  "thin  platelike" 
particle  floes  with  long  linking  "thin  platelike"  particle 
chains. 
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Using  the  proposed  simple  clay  fabric  notations,  the 
characteristic  features  of  the  clay  fabric  of  the  Mississippi 
Delta  of  cores  B— 1  and  B— 2  can  be  compared  easily  with  the 
associated  geotechnical  properties  as  follows: 


Wet  unit 

weight  (ave.) 

Shear  strength 

Zone 

Fabric 

Mg/m" 

kPa 

1 

ROD/SLC    (2.33) 

1.42 

from  4.8  (low) 

2 

ROD/SLC    (1.96) 

1.45 

to  9.6  (high) 

3 

ROD/SLC   (1.81) 

1.63 

9.6  -  23.9 

4 

unknown  but  probably 

1.82 

18.7  -  38.3 

ROD  (1.21) 

(27.1  ave.) 

5 

POD/LC  (1.07) 

1.81 

23.9  - 192.5 
(111.6  ave.) 

The  low  shear  strength  values  are  associated  with  void 
ratios  greater  than  1.5  and  a  fabric  of  randomly  oriented 
domains  with  short  linking  chains.  High  shear  strengths  are 
associated  with  clays  of  low  void  ratio  less  than  1.3  and 
preferentially  oriented  domains  with  long  chains.  Interesting 
to  note  is  the  fact  that  the  D.S.D.P.  sample  not  only  differed 
in  clay  fabric  characteristics  but  also,  as  might  be  expected, 
in  the  overall  mass  physical  properties.  The  D.S.D.P.  clay 
fabric  and  selected  geotechnical  properties  can  be  described 
as  follows: 

Wet  unit         Solid  grain 
Depth  below  Void  weight  density 

mudline  Fabric  ratio  Mg/m'  Mg/m' 


144; 


ROTF/LLTC        3.5 


1.38 


2.71 


The  basic  mass  physical  properties  of  the  D.S.D.P.  clay 
sample  can  be  related  to  the  dominant  fabric  characteristics. 
The  low  wet  unit  weight  and  high  void  ratio  are  a  function 
of  not  only  the  presence  of  very  thin  platelets  but  also  more 
importantly  to  the  presence  of  the  long  linking  chains  be- 
tween floccules  with  large  intravoids,  which  in  harmony 
build  a  very  high-porosity  clay  sediment.  This  sample  con- 
trasts with  the  Mississippi  Delta  high  porosity  clay  samples 
investigated  during  this  study.  The  Delta  clay  fabric  built  of 
randomly  oriented  domains  would,  however,  be  expected  to 
have  much  lower  void  ratios  than  observed  for  the  D.S.D.P. 
submarine  clay  sediment  by  virtue  of  greater  particle  pack- 
ing and  short  chains. 

A  high  void  ratio  sample  from  the  Mississippi  Fan  studied 
by  Bowles  and  others  (1969)  can  likewise  be  described  as 
a  fabric  of  randomly  oriented  domains  with  long  linking 
chains  (ROD/LLC  [2.80]),  which  is  clearlv  intermediate  in 
void  ratio  and  in  fabric  characteristics  between  the  Delta 
high  void  ratio  samples  and  the  D.S.D.P.  clay.  This  high 
void  ratio  (2.80)  is  developed  through  the  presence  of  the 
long  linking  chains  as  observed  by  Bowles  and  others 
(1969).  The  above  relationships  between  void  ratio  and 
fabric  are  quite  reasonable  by  recognizing  that  in  order  to 
have  a  high  void  ratio  (high-porosity)  sediment,  the  ratio  of 
void  to  solids  must  likewise  increase.  In  order  to  develop  in- 


creasingly higher  void  ratio  sediment  with  structural  integ- 
rity and  particle-to-particle  contact,  the  number  of  solid 
particles  per  unit  volume  of  sediment  must  decrease.  This 
characteristic  can  be  accomplished  efficiently  with  long, 
rather  continuous  chains.  These  features  and  characteristics 
were  observed  in  the  clay  fabric  samples  investigated  during 
this  study. 

The  change  in  void  ratio  with  increasing  depth  of  burial 
for  the  sediment  investigated  can  be  related  to  the  character- 
istic clay  fabrics.  Relatively  high  void  ratio  sediment  is  char- 
acterized by  a  fabric  of  randomly  oriented  domains  and 
short  chains  with  particles  in  edge-to-face  and  some 
face-to-face  contact.  Lower  intermediate  void  ratio  sediment 
shows  greater  particle-to-particle  packing  but  a  consistent 
predominance  of  randomly  arranged  particles  with  a  few 
chains  and  perhaps  a  slight  development  of  larger  domains 
than  observed  in  the  high  void  ratio  sediment.  The  low  void 
ratio  of  the  sediment  is  strongly  influenced  by  the  highly 
oriented  clay  particles  and  thin,  long,  narrow  development 
of  voids  brought  about  by  high  density  packing  of  the  par- 
ticles into  long  chains. 

Comparison  of  natural  and  laboratory  consolidation. 
Three  important  factors  were  examined  in  order  to  gain  an 
insight  into  the  possible  degree  to  which  laboratory  consoli- 
dation of  the  selected  Mississippi  Delta  samples  simulates 
the  natural  consolidation  of  its  parent  sedimentary  deposit. 
The  factors  examined  are: 

(1)  Void  ratio  versus  depth  of  burial  in: 

a.  actual  physical  properties — ^laboratory  measure- 
ments (calculated). 

b.  predictions  based  on  consolidation  test  (Hamil- 
ton method  1959). 

(2)  Overburden  stress  in : 

a.  calculations  based  on  measured  physical  prop- 
erties. 

b.  predictions  based  on  consolidation  test  (Hamil- 
ton method  1959). 

(3)  Delineation  of  the  clay  fabric  of  consolidated  sam- 
ples and  comparison  with  naturally  consolidated 
samples. 

The  void  ratios  were  calculated  for  core  B— 1  based  on  the 
measured  mass  physical  properties  such  as  water  content, 
wet  bulk  density,  and  average  grain  density  which  were  de- 
termined by  standard  laboratory  techniques.  Average  values 
were  determined  for  3-meter  intervals,  and  the  void  ratios 
were  calculated  by 


1  +  m; 
void  ratio,  e  =  ( [ ]  [Gy,t,J ) 


(7) 


yt 


where 


w    =  water  content  by  dry  weight 
G    ^  grain  density 
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y,(,  =  density    of    seawater     (typical    average    value) 

=  1.024 
yt    =  wet  bulk  density  or  wet  unit  weight 

These  relationships  can  be  found  in  Lambe  and  Whitman 
(1969). 

The  predicted  void  ratios  versus  depth  of  burial  were  de- 
termined by  the  method  described  by  Hamilton  (1959) 
which  he  used  for  the  purpose  of  predicting  the  consolidation 
behavior  of  submarine  clay  sediment.  The  method  is  based 
on  data  determined  from  typical  consolidation,  e-log  p 
curves  from  laboratory  tests.  The  details  of  the  method  can 
be  found  in  Hamilton's  (1959)  paper.  The  technique  can  be 
summarized  as  follows: 

(1)  The  weight  of  a  column  of  sediment  is  computed  for 
the  first  few  meters  of  sediment,  such  as  zero  to  3  m,  based 
on  the  submerged  unit  weight  of  the  surface  sediment. 

(2)  Using  the  cumulative  stress  for  the  given  column  of 
sediment,  which  is  the  same  as  the  interval  stress  for  the 
first  increment,  the  void  ratio  corresponding  to  the  calculated 
stress  is  taken  from  the  laboratory  e-log  p  curve  typical  of 
the  upper  sediment. 

(3)  Porosity  is  computed  from  the  void  ratio  by 
porosity,  n  =  e/\  +  e  (8) 

and  the  new  in  situ  wet  bulk  density,  ysed,  of  the  sediment  is 
computed  using  the  equation 

y.ed  =  n(y«>)  +  (!-n)G  (9) 

(4)  The  interval  stress  is  calculated  based  on  the  new  wet 
bulk  density  (submerged  unit  weight)  and  the  total  cumula- 
tive stress  determined  to  the  selected  depth. 

(5)  Total  stress  and  void  ratios  at  successively  deeper  in- 
tervals are  calculated  and  determined  by  repeated  use  of  the 
e-log  p  curve  and  the  above  techniques. 

As  can  be  readily  observed,  the  predicted  void  ratios  and 
predicted  stress  versus  sediment  depth  below  mudline  can  be 
determined  using  this  method. 

The  consolidation  data,  e-log  p  curve,  from  core  B— 1,  1.4  m 
depth,  was  used  to  caluculate  the  predicted  void  ratios  and 
overburden  stress  for  comparison  with  the  actual  measured 
properties  (fig.  29) .  An  initial  void  ratio  of  2.17  and  a  grain 
density  of  2.66  Mg/m^  was  used  in  the  calculations.  These 
were  typical  values  characteristic  of  the  upper  few  meters 
of  sediment  (fig.  65).  Overburden  stress  versus  depth  of 
burial  was  determined  for  core  B-1  from  laboratory  mass 
physical  properties  data.  Data  were  not  available,  however, 
for  the  fine  sand  between  59  and  85  m  below  the  mudline. 
Consequently,  values  for  bulk  densities  of  highly  compacted 
and  lightly  compacted  fine  sand  were  taken  from  Lambe  and 
Whitman  (1969)  in  order  to  determine  a  reasonable  range  of 
densities  possible  for  such  material.  These  data  were  entered 
into  the  calculations  of  overburden  stress,  and  plots  were 
drawn  depicting  the  possible  range  of  values  for  cumulative 
stress  versus  depth  of  burial  using  maximum  and  minimum 
bulk  densities  for  the  fine  sand  (fig.  85).  An  intermediate 


value  was  considered  most  reasonable  for  comparison  with 
the  data  of  overburden  stress  determined  by  the  Hamilton 
(1959)  technique  based  on  the  laboratory  e-log  p  consolida- 
tion data.  As  readily  depicted  (fig.  85),  the  maximum  dif- 
ference between  the  overburden  stress  using  maximum  and 
minimum  values  for  bulk  density  is  only  1 X  10-  kPa.  Using 
an  intermediate  value  the  possible  variation  in  actual  over- 
burden stress  would  be  approximately  ±0.5X10^  kPa. 

Plots  of  void  ratio  versus  depth  of  burial  for  both  meas- 
ured and  predicted  cases  clearly  depict  a  very  close  similar- 
ity in  curve  shape  and  change  in  void  ratio  with  depth  (fig. 
86).  The  slight  offset  of  the  lower  void  ratio  curve  is  due  to 
the  fact  that  the  predicted  values  represent  void  ratios  deter- 
mined under  a  loaded  condition  and  the  measured  values  are 
those  characteristic  of  the  sediment  after  slight  rebound  due 
to  the  removal  of  overlying  material.  Examination  of  the 
consolidation  curves  (figs.  29,  30,  and  31)  depicts  rebounds 
with  changes  in  void  ratios  of  approximately  0.2  to  0.3  under 
high  loads.  Rebounds  for  sediment  under  lower  loads  char- 
acteristic of  the  depths  cored  in  B— 1  would  probably  be 
somewhat  less.  With  these  conditions  in  mind,  the  two  void 
ratio  curves  appear  to  agree  very  well.  The  deviation  of  the 
curve  for  the  measured  values  for  depths  between  approxi- 
mately 15  and  35  m  is  due  to  the  significant  increase  in  clay 
and  water  content  within  this  interval  relative  to  the  over- 
lying sediment. 

Comparison  of  the  overburden  stress  determined  by  the 
Hamilton  (1959)  method  (determined  from  the  consolida- 
tion data)  and  the  laboratory  data  (measured  mass  physical 
properties)  clearly  reveals  a  strong  similarity  between  the 
two  methods  as  revealed  by  the  two  plots  (fig.  87) .  The  dif- 
ference between  the  curves  apparently  is  caused,  at  least  in 
part,  by  the  laboratory  samples  having  slightly  lower  wet 
bulk  densities  than  the  actual  in-situ  bulk  densities.  This  cor- 
rection would  actually  shift  the  curves  closer  together  giving 
an  even  better  agreement.  Even  so,  the  similarity  between 
the  two  curves  depicting  overburden  stress  versus  depth  is 
quite  remarkable.  Noteworthy  is  the  fact  that  the  calculations 
of  the  overburden  stress  conditions  give  a  maximum  possible 
overburden  with  depth  of  burial  and  do  not  take  into  account 
possible  reduction  in  stress  due  to  factors  such  as  excess  pore 
water  pressure  which,  if  it  exists,  would  be  expected  to  effec- 
tively reduce  the  actual  overburden  stress.  However,  data 
are  not  available  on  the  pore  water  pressures  in  these  sedi- 
ments. Since  both  the  calculated  overburden  stress  based  oi^ 
the  laboratory  data  and  the  predicted  overburden  stress  frcir; 
consolidation  data  consider  the  maximum  possible  stress 
conditions  in  each  case,  the  two  curves  offer  a  reasonable 
means  of  comparing  the  two  methods. 

Clay  fabric  of  laboratory  consolidated  samples.  Selected 
sediment  samples  from  core  B— 1  were  consolidated  in  the 
laboratory  using  an  Anteus  Back  Pressure  Consolidometer. 
Maximum  loads  ranged  from  as  high  as  61.29  X 10-  kPa  to 
as  low  as  15.32X10^  kPa  for  the  different  samples.  Subse- 
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Figure  85. — Calculated  cumulative  stress  with  depth  in  core  B-1  (bouyant  overburden  stress 
assuming  no  excess  pore  water  pressure). 
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Figure  86. — Void  ratio  core  B-1. 
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Figure  87. — Comparison  of  overburden  stress  determined  by  1)  Hamilton  (1959)  method  based  on  consoli- 
dation data  and  by  2)  laboratory-measured  mass  physical  properties. 
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quent  to  laboratory  consolidation  of  each  sample,  the  clay 
fabric  was  examined  by  T.E.M.  for  comparison  with  the 
fabric  of  the  naturally  consolidated  sediment. 

An  overburden  stress  of  approximately  10.9  X  10^  kPa  was 
calculated  for  the  deep  samples  examined  for  clay  fabric 
which  were  sampled  from  depths  of  144.8  m  below  the  mud- 
line  (fig.  87).  Sediment  from  depths  of  1.4,  1.98,  12.2,  and 
120.5  m  below  the  mudline  were  consolidated  in  the  labora- 
tory to  loads  of  61.29  X 10^  kPa  or  approximately  five  and 
one  half  times  the  maximum  load  calculated  for  sediment  at 
depths  of  about  144.8  m.  Electron  photomicrographs  of  the 
clay  fabric  clearly  reveal  a  similar  appearance  among  the 
laboratory  consolidated  samples  regardless  of  the  original 
sampling  depths.  The  photomicrographs  depict  a  highly 
oriented  clay  fabric  with  a  close  packing  of  clay  particles 
(figs.  88EM,  89EM,  90EM,  and  91EM).  Figure  89EM  in- 


FicuRE    88. — Clay    fabric    of   laboratory    consolidated    sample    (load 
61.29X10-  kPa),  core  B-1    (1.4  m). 


dicates  a  somewhat  less  organized,  but  highly  oriented,  clay 
fabric  as  compared  to  the  other  samples  consolidated  to  the 
same  maximum  loads.  This  may  be  caused  by  the  presence 
of  slightly  larger  particles  in  the  sample  that  effectively  in- 
hibited the  degree  to  which  the  particles  could  be  efficiently 
oriented  under  the  imposed  load  (fig.  89EM).  Folding  and 
bending  of  particles  around  larger  particles  were  observed  in 
these  samples  as  were  observed  in  the  deep  naturally  con- 
solidated samples  (figs.  89EM,  90EM,  81EM,  82EM,  and 
84EM). 

Sediment  samples  from  27.7  and  120.5  m  below  the  mud- 
line  were  consolidated  to  loads  of  15.32  X  lO'^  kPa  and 
19.15x10-  kPa,  respectively.  Likewise,  these  samples  are 
characterized  by  a  clay  fabric  of  highly  oriented  particles 
with  strong  particle-to-particle  packing,  essentially  the  same 


Figure   89. — Clay    fabric    of    laboratory    consolidated    sample    (load 
61.29X10-  kPa),  core   B-1    (2.0  m). 

as  the  clay  fabric  observed  for  the  deeply  buried  samples 
from  depths  of  120.4  and  144.8  m  (figs.  92EM,  93EM,  81EM, 
82EM,  83EM,  and  84EM).  An  important  point  to  note  is 
that  Bowles  and  others  (1969)  found  that  submarine  clay 
samples  subjected  to  normal  laboratory  consolidation  loads 
in  excess  of  31.38X10-  kPa  displayed  a  very  strong  degree 
of  preferred  particle  orientation.  They  observed  that  at  loads 
of  3.92  X 10-  kPa  the  clay  fabric  was  characterized  by  a 
dense  packing  of  the  particles  which  apparently  were  forced 
into  clumps  (particles  randomly  arranged)  and  packets 
(particles    preferentially    arranged).    Still   at    this    load    of 


Figure    90. — Clay    fabric    of    laboratory    consolidated    saniole     (load 
61.29X10=  kPa),  core  B-1   (12.2  m). 
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Figure    91.— Clay    fabric    of    laboratory    consolidated    sample    (load 
61.29X10''  kPa),  core  B-i   (120.5  m). 


Figure    93.— Clay    fabric    of   laboratory    consolidated    sample    (load 
19.15X10"  kPa),  core  B-1   (120.5  m). 


Figure  92.— Clay  fabric  of  laboratory  consolidated  sample  (load  15.32x10"  kPa),  core  B-1  (27. 


7  m). 
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nearly  4  X  10^  kPa,  the  particles  were  reported  to  be  essen- 
tially randomly  arranged  but  closely  packed  to  a  void  ratio/ 
of  1.3.  A  load  of  3.92  X  10^  kPa  is  very  close  to  the  calculated 
load  for  the  lower  limit  of  zone  4  at  approximately  58  lo  60 
m  depth  (figs.  66  and  85).  The  clay  fabric  observed  by 
Bowles  and  others  (1969)  at  this  load  corresponds  very 
closely  to  the  fabric  characteristics  predicted  for  zone  4  of 
this  study.  In  addition,  the  void  ratio  of  1.3  is  quite  similax 
to  the  measured  void  ratios  of  the  zone  4  clays  (fig.  86). 
Further,  Bowles  and  others  (1969)  noted  that  at  laboratory 
consolidation  loads  of  0.49  X  10^  kPa,  the  fabric  was  charac- 
terized by  an  open,  essentially  random,  arrangement  of  clay 
particles  with  some  minor  degree  of  preferred  orientation  in 
the  form  of  packets  of  parallel  particles.  These  packets  were 
suspected  of  being  an  original  feature  of  the  clay  and  prob- 
ably more  correctly  should  be  referred  to  as  domains. 

Apparently,  according  to  the  data  and  features  of  the  clay 
fabric  observed  by  Bowles  and  others  (1969),  structural 
collapse  of  the  high  void  ratio  submarine  clay  fabric  occurs 
above  or  near  the  preconsolidation  stress  developing  a  much 
more  dense,  closely  packed  sediment,  but  not  developing  a 
strong  preferred  particle  orientation  until  high  loads  in  ex- 
cess of  3.92  X  10-  kPa  are  achieved.  Although  the  sediment 
studied  by  Bowles  and  others  (1969)  was  characterized  by 
higher  void  ratios  than  the  clay  sediment  investigated  during 
this  study,  the  clay  fabric  and  related  consolidation  charac- 
teristics of  the  submarine  sediment  of  both  studies  appear  to 
agree  well.  In  summary,  based  on  the  data  by  Bowles  and 
others  (1969),  the  observed  clay  fabric,  consolidation,  and 
related  data  presented  in  this  study,  the  high  degree  of  pre- 
ferred particle  orientation  of  a  consolidating  high  void  ratio 
submarine  clay  sediment  (Mississippi  Delta  and  Gulf  of  Mex- 
ico sediment  studied  by  Bowles  and  others,  1969)  is  achieved 
probably  at  loads  in  excess  of  3.92X10^  kPa  but  at  loads 
less  than  8.95  XlO^  kPa.  In  retrospect,  with  regard  to  the 
consolidation  e-Iog  p  curves  examined  earlier  in  this  paper, 
the  very  broad  e-log  p  curve  with  a  high  Pc  (preconsolida- 
tion pressure)  observed  for  the  sediment  sampled  at  a  depth 
of  120.5  m  below  the  mudline,  deserves  special  note.  This 
e-log  p  curve  contrasts  with  the  sharply  inflected,  steep  virgin 
curves  concave  up  and  to  the  right  that  are  characteristic  of 
the  higher-porosity  clays.  The  deep  low-porosity  clay  sam- 
pled at  120.5  m  had  obviously  been  consolidated  to  a  high 
degree  through  natural  processes,  and  the  clay  particles  had 
become  well  aligned,  thus  inhibiting  further  consolidation 
during  laboratory  testing,  particularly  at  low  loads.  Ob- 
viously very  little  compression  could  ensue  following  the 
rather  strong  preferred  particle  orientation  of  the  clay  par- 
ticles. Apparently  the  above  range  of  loads  or  overburden 
stresses  required  to  achieve  strong  preferred  particle  orien- 
tation of  a  submarine  clay  sediment  is  not  ubiquitous  and 
applicable  to  all  types  of  clayey  submarine  sediment.  This 
is  borne  out  by  the  typical  clay  fabric  characteristics  ob- 


served for  the  deeply  buried  D.S.D.P.,  high  void  ratio,  clay 
which  displayed  no  preferred  particle  orientation  despite  its 
depth  of  144  m  below  the  mudline  (figs.  41EM  and  43EM). 
Factors  responsible  for  the  apparent  high  degree  of  structural 
strength  under  relatively  high  overburden  stresses  and  par- 
ticle-to-particle integrity  of  certain  submarine  clay  sediments 
have  not  yet  been  determined. 

Depth  of  burial  versus  fissility.  To  the  geologist,  the  term 
compaction  refers  to  a  decrease  in  the  volume  of  sediment 
as  a  result  of  compressive  stress  usually  considered  in  terms 
of  overburden  caused  by  continued  deposition  of  sediment. 
This  term  is  essentially  equivalent  to  the  term  consolidation 
as  used  by  the  soils  engineer  with  reference  to  a  gradual 
decrease  in  water  content  and  decrease  in  total  sample  vol- 
ume as  a  function  of  an  imposed  load  (usually  a  vertical 
load)  on  a  sediment  or  soil  sample.  Perhaps  the  earliest  se- 
rious study  of  clay  sediment  compaction  was  made  by  Sorby 
(1908),  who  recognized  that  the  compaction  of  sediments 
was  due  primarily  to  a  change  in  porosity.  He  carried  out 
both  field  and  laboratory  investigations  of  sediment  porosity. 
Numerous  subsequent  studies  have  been  concerned  with  the 
deciphering  of  relationships  among  porosity  (changes), 
depth  of  burial,  overburden  stress,  the  presence  and  degree 
of  fissility  in  certain  shales,  stages  of  compaction,  and  rela- 
tionship with  organic  materials  and  depositional  environment 
(Hedberg  1936;  Weller  1959;  White  1961;  Meade  1964, 
1966;  Gipson  1965,  1966;  Odom  1967;  Gillott  1969;  Rieke 
and  Chilingarian  1974).  Although  the  details  of  these  studies 
are  too  numerous  to  mention  here,  a  few  of  the  more  impor- 
tant aspects  can  be  summarized. 

Hedberg  (1936)  recognized  four  intergradational  stages 
of  compaction  of  a  fluid  mud  to  a  dense  shale  or  slate  and 
related  these  stages  to  changes  in  porosity  as  a  function  of 
compressive  stress.  He  recognized  the  importance  of  the 
mechanical  rearrangement  of  particles  during  the  early 
stages  of  compaction.  Weller  (1959)  was  concerned  with  a 
quantitative  approach  to  the  evaluation  of  overburden  stress 
with  depth  of  burial,  and  he  developed  numerous  data  curves 
relating  these  factors  to  porosity.  Meade  (1966)  pointed  out 
the  important  inverse  relationship  between  particle  size  and 
porosity  particularly  within  the  range  of  stress  of  up  to  about 
100  X 10^  kPa.  He  recognized  that  the  efTect  of  particle  size) 
may  be  strong  enough  to  obscure  the  expected  decrease  in 
porosity  with  increasing  depth  of  burial. 

White  (1961)  and  Gipson  (1965,  1966)  found  that  a  high 
degree  of  clay  mineral  preferred  particle  orientation  was  as- 
sociated with  fissile  shales  and  that  random  orientation  was 
characteristic  of  the  more  massive  argillaceous  rocks.  Simi- 
lar conclusions  were  drawn  by  Gillott  (1969)  during  a  study 
of  the  fabric  of  argillaceous  rocks  and  soils.  Likewise,  in  an 
excellent  study  by  Odom  (1967),  a  strong  correlation  was 
found  between  the  degree  of  clay  mineral  preferred  particle 
orientation  and  fissility  and  the  presence  of  organic  mate- 
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rial.  Massive  shales  showed  essentially  random  orientation  of 
clay  particles.  The  direct  correlation  of  fissility  and  organic 
material  was  noted  also  by  Gipson  (1965).  Numerous  inves- 
tigators have  speculated  that  the  presence  of  organic  mate- 
rial tends  effectively  to  reduce  the  net  negative  charge  of  clay 
particles,  thus  allowing  them  more  efficiently  to  move  closer 
together  in  a  face-to-face  arrangement.  Both  Gipson  (1966) 
and  Odom  (1967)  found  no  correlation  between  depth  of 
burial  and  preferred  clay  mineral  orientation. 

Although  there  has  been  considerable  conjecture  concern- 
ing changes  in  porosity  with  increasing  depth  of  burial  and 
development  of  fissility  in  shale,  the  most  conclusive  evi- 
dence to  date  indicates  that  preferred  particle  orientation  is 
related  to  fissility,  but  the  degree  of  preferred  clay  mineral 
orientation  is  not  directly  related  in  most  cases  to  depth  of 
burial.  The  general  decrease  in  porosity  with  increasing 
depth  of  burial  and  overburden  stress  varies  considerably 
from  sediment  to  sediment. 

Evidence  pointed  out  and  alluded  to  by  the  numerous  in- 
vestigators studying  clay  fabric,  compaction  (consolidation) 
of  muds,  and  the  fabric  of  shales,  has  indicated  the  impor- 
tance of  understanding  the  geochemical  conditions,  environ- 
ments of  deposition,  and  related  geological  factors  that  set 
the  stage  for  the  initial  formation  of  clay  fabric  and  develop- 
ment of  fabric  characteristics  at  the  time  of  deposition. 
Apparently,  the  fabric  at  the  time  of  deposition  plays  an 
important  role  in  determining  the  ultimate  response  of  the 
clay  particles  to  overburden  stress  and  degree  to  which  con- 
solidation will  ensue.  Detailed  studies  are  required,  focused 
on  the  delineation  of  geochemical  conditions  that  influence 
the  formation  of  clay  floccules  in  the  water  column,  such  as 
flocculation  and/or  sustained  dispersion  of  clay  particles 
from  freshwater  to  saline  water  under  varying  natural  geo- 
chemical conditions  (such  as  the  influence  of  organics  and 
peptizers  on  flocculation  and  dispersion ) .  Very  little  is  ac- 
tually known  of  these  factors  as  they  influence  the  develop- 
ment of  clay  fabric  in  the  natural  environment.  Virtually 
nothing  has  been  published  concerning  the  effects  of  biologi- 
cal activity  on  the  depositional  and  postdepositional  clay 
fabric.  The  effects  of  the  energy  environment  such  as  cur- 
rents, waves,  turbulence,  and  mechanical  energy  in  general 
are  virtually  unknown  as  they  influence  the  development  of 
clay  fabric  in  the  water  column  and  at  the  sediment-water 
interface.  Essentially  all  of  the  previous  studies  have  been 
concerned  with  the  postdepositional  sediment  and  rock  fab- 
rics. Considerable  knowledge  is  lacking  in  regard  to  the 
initial  stages  of  fabric  formation  particularly  with  regard  to 
natural  environments  and  environmental  conditions. 

This  study  of  Mississippi  Delta  sediments  has  been  con- 
fined to  the  delineation  of  the  postdepositional  clay  fabrics 
of  selected  cores  from  the  prodelta  depositional  environment. 
Although  recognizing  that  very  little  is  actually  known  of 
the  initial  stages  of  fabric  formation  in  marine  environments. 


and  keeping  in  mind  the  above  brief  review  of  a  few  studie^ 
of  compaction,  changes  in  porosity,  and  preferred  particle 
orientation  versus  fissility,  this  study  has  recognized  a  high 
degree  of  preferred  clay  particle  orientation  characteristic  of 
the  sediment  buried  to  depths  of  not  more  than  120.5  m  be- 
low the  mudline  corresponding  to  an  overburden  stress  of 
not  greater  than  8.95  X  10-  kPa.  These  clays  contrast  sharply 
with  the  overlying  high-porosity  sediments  which  show  essen- 
tially no  strong  preferred  particle  orientation  to  depths  of 
at  least  37  m  below  the  mudline  corresponding  to  an  over- 
burden stress  of  not  greater  than  2.02  X  10^  kPa.  These  Delta 
sediments  with  highly  oriented  clay  particles  are  obviously 
developing  the  high  degree  of  fissility  commonly  observed  in 
shales  despite  the  rather  limited  depth  of  burial  and  corres- 
ponding relatively  low  overburden  stress.  They  also  contrast 
sharply  with  the  D.S.D.P.  deep-sea  submarine  clay  sample 
with  its  very  high  void  ratio  (3.5)  and  high  porosity 
although  sampled  from  a  depth  of  144  m  below  the  mudline. 
Clearly,  factors  other  than  increasing  depth  of  burial  and 
corresponding  overburden  stress  influence  the  degree  of  pre- 
ferred clay  particle  orientation,  the  development  of  fissility, 
and  degree  of  compaction  (consolidation)  of  a  particular 
submarine  sedimentary  deposit. 

Mississippi  Delta  Clay  Fabric  and 
Depositional  Environment 

The  Mississippi  Delta  is  a  very  dynamic  region  character- 
ized by  the  interaction  of  riverine  and  marine  processes  and 
the  extremely  large  discharge  of  bedload  and  suspended  sedi- 
ment. Coarse  sediment  carried  down  the  river  is  deposited 
at  the  distributary  mouths,  and  the  finer  silts  and  clays  are 
transported  far  out  beyond  the  immediate  mouths  of  the 
river  as  suspended  sediment  (Coleman  and  others  1974). 
Large  plumes  of  suspended  sediment  extend  considerable 
distances  beyond  the  subaerially  exposed  Delta  and  deposit 
vast  quantities  of  silt  and  clay  in  the  prodelta  environment. 

The  prodelta  environment  is  characterized  not  only  by 
rapid  deposition  of  fine-grained  sediment  having  very  high 
water  contents  but  also  by  the  abundant  accumulation  of 
organic  material  (Coleman  and  others  1974).  The  Missis- 
sippi Delta  is  clearly  a  unique  geological  sedimentary  en- 
vironment quite  unlike  other  nondeltaic  shelf  regions.  The 
Delta  also  differs  markedly  from  those  deep-sea  depositional 
environments  that  receive  sediment  at  extremely  slow  rates, 
an  example  of  which  is  the  pelagic  clays  where  rates  of 
deposition  are  in  terms  of  millimeters  of  sediment  per  thou- 
sand years. 

This  discussion  points  out  that  the  clay  fabric  of  Missis- 
sippi prodelta  sediment  would  be  expected  to  differ  some- 
what from  the  clay  fabric  of  other  nondeltaic  depositional 
environments.  The  characteristics  of  Delta  fabrics  should  not 
be  arbitrarily  extrapolated  as  diagnostic  of  other  submarine 
sediment,  but  rather,  the  observations  can  be  used  as  a  guide 
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for  further  studies  of  various  submarine  sediment  fabric. 
Although  features  similar  to  the  Delta  fabrics  were  observed 
by  Bowles  and  others  (1969)  for  other  Gulf  of  Mexico  sedi- 
ments, observations  clearly  point  out  significant  differences 
that  can  account  for  the  variations  in  certain  measured  mass 
physical  properties.  An  example  of  this  is  the  relationships 
of  fabric  and  void  ratio.  A  striking  difference  in  the  clay 
fabric  was  observed  in  the  deep-sea  pelagic  clay  sample  from 
the  Pacific  Basin  as  compared  to  the  Mississippi  Delta 
fabrics,  and,  again,  selected  mass  physical  properties  were 
related  to  the  observed  fabrics. 

The  relative  degree  to  which  various  factors  interact  and 
affect  the  ultimate  nature  of  the  clay  fabric  particle-to-par- 
ticle relationships,  particularly  during  initial  stages  of  devel- 
opment, is  virtually  unknown.  However,  the  obvious 
environmental  factors  that  play  a  role  in  the  formation  and 
development  of  the  clay  fabrics  of  the  Mississippi  Delta  can 
be  summarized  as  follows. 

Initial  stage 

(1)  Clay  particles  undergo  a  transition  in  the  chemical 
environment  as  sediment  is  carried  from  the  riverine  fresh 
water  to  the  saline  marine  environment.  Flocculation  or  some 
form  of  clay  particle  aggregation  would  be  expected  on  con- 
tact with  seawater.  Whitehouse  and  others  (1960)  have  re- 
ported minimum  concentrations  of  major  cations  (sodium, 
magnesium,  calcium,  and  potassium)  required  to  initiate 
flocculation  of  montmorillonite,  illite,  chlorite,  and  kaolinite. 
Montmorillonite  required  the  highest  concentration  of  ca- 
tions to  cause  flocculation  as  compared  to  the  other  clay 
minerals.  Concentrations  of  sodium  and  magnesium  equiva- 
lent to  approximately  20  percent  of  the  open  ocean  water 
salinities  were  found  to  cause  flocculation  of  montmorillon- 
ite, whereas  calcium  and  potassium  were  found  to  cause 
flocculation  at  concentrations  equivalent  to  approximately 
normal  seawater  salinities.  Bouma  and  others  (1971)  have 
reported  relatively  high  salinities  in  close  proximity  to  the 
channel  mouths  and  over  extensive  areas  of  the  prodelta  en-^ 
vironment  despite  the  vast  influx  of  fresh  water  through  the 
distributary  channels  of  the  Mississippi  Delta. 

(2)  The  effects  of  organic  and  inorganic  compounds  on 
the  development  of  clay  fabric  carried  by  the  Mississippi 
River  are  virtually  unknown.  As  an  example,  various  phos- 
phates present  in  the  river  waters  may  act  as  peptizers  that 
tend  to  disperse  the  fine  particulate  clays,  while  other  chemi- 
cal compounds  may  tend  to  cause  flocculation.  As  mentioned 
earlier,  certain  organic  materials  of  undetermined  composi- 
tion are  considered  to  affect  the  clay  mineral  surface  charges 
allowing  them  to  approach  one  another  more  closely.  These 
factors  undoubtedly  play  a  significant  role  in  the  initial  for- 
mation of  clay  fabric:  however,  the  degree  to  which  these 
and  other  chemical  aspects  influence  the  particle-to-particle 
interaction  is  virtually  unknown.  Future  research  concerning 


these  chemical  effects  would  substantially  increase  the  un- 
derstanding concerning  the  importance  of  the  chemistry  on 
the  initial  stages  of  clay  fabric  development. 

(3)  Turbulence,  particularly  in  the  nearshore  and  river- 
ine environments,  undoubtedly  plays  a  role  in  the  develop- 
ment of  clay  fabric.  Turbulence  as  a  form  of  mechanical 
energy  would  tend  to  disperse  and  disaggregate  flocculated 
particles  in  the  water  column.  Currents  and  turbulence  on 
the  other  hand  would  tend  to  modify  and/or  disturb  freshly 
deposited  clays  and  in  some  cases  cause  resuspension.  Stud- 
ies addressing  these  questions  and  processes  as  related  to 
clay  fabric  are  unknown  but  would  seem  to  offer  worthwhile 
areas  of  research.     - 

Postdeposilional  stage 

(1)  The  effect  of  benthic  biological  processes  on  freshly 
deposited  sediment  undoubtedly  influences  the  nature  and 
characteristics  of  clay  fabric  particularly  in  areas  of  high 
faunal  activity.  The  influence  of  biological  activity  on  the 
mass  physical  properties  of  submarine  sediment  has  been 
studied  to  a  limited  extent  (Moore  1931:  Piper  and  Marshall 
1969;  Rhoads  and  Young  1970).  Nevertheless  little  is 
known  regarding  the  changes  in  clay  fabric  as  a  result  of 
biological  processes  and  activity.  Bioturbation  would  be  ex- 
pected to  influence  freshly  deposited  clay  sediments,  but  this 
would  be  relatively  insignificant  in  the  Mississippi  Delta 
sediments  investigated  during  this  study  owing  to  the  rapid 
rates  of  sediment  deposition  which  usually  inhibit  a  substan- 
tial degree  of  biological  activity. 

(2)  Postdepositional  cementation  would  be  expected  to 
influence  clay  particle  rearrangement  during  dewatering  and 
natural  consolidation  of  fine  grained  sediment.  These  fac- 
tors have  been  alluded  to  by  Nacci  and  others  (1974)  ;  but 
considerably  more  research  is  required  in  order  to  assess  the 
importance  of  the  chemical  cementation  processes  as  related 
to  their  influence  on  clay  fabric.  Evidence  of  cementation 
was  not  observed  in  the  clay  fabrics  for  either  the  Mississippi 
Delta  clays  or  the  D.S.D.P.  clay  sample.  Apparendy  other 
factors,  yet  undefined,  are  likewise  important  in  influencing 
the  force  transmission  and  particle-to-particle  interaction 
during  natural  consolidation  as  a  function  of  overburden 
stress. 

Numerous  processes  and  environmental  factors  play  a  role 
in  the  development  of  clay  fabric  both  during  initial  stages 
and  during  post  depositional  stages.  Other  possible  factors 
yet  unknown  may  be  important  in  determining  and  thus  in- 
fluencing the  formation  and  ultimate  fabric  characteristics  of 
other  submarine  sedimentary  deposits.  The  purpose  of  this 
discussion  was  to  summarize  and  trace  some  of  the  more 
important  aspects  concerning  the  development  of  clay  fabric 
beginning  with  particulate  sediment  in  a  riverine  environ- 
ment, through  its  further  development  in  a  marine  environ- 
ment, and  finally  to  the  influences  of  postdepositional  factors. 
This  hopefully  sets  a  framework  for  future  investigations  in 
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order  to  gain  a  clearer  insight  into  the  nature  of  clay  fabrioj 
as  related  to  the  sediment  mass  physical  properties  and  the 
behavior  of  clays  to  dynamic  processes. 

The  Principle  of  hreversiblity  of  Clay  Fabric: 
Discussion  of  Concept 

Previous  sections  of  this  manuscript  have  discussed  the 
importance  of  the  physicochemistry  and  chemical  environ- 
ment in  general  on  the  development  of  clay  fabric,  particu- 
larly with  regard  to  the  initial  stages  of  fabric  formation. 
As  pointed  out  earlier,  the  chemical  nature  of  the  Huid  me- 
dium of  both  fresh  and  saline  waters  strongly  affects  the 
electrostatic  interactions  among  suspended  clay  particles  and 
thus  determines  the  fabric  characteristics  of  flocculation  or 
dispersion  prior  to  sediment  deposition.  During  natural  proc- 
esses of  weathering,  transport,  and  subsequent  deposition  of 
detrital  particles,  an  increasing  electrolytic  chemical  environ- 
ment is  the  rule.  This  is  particularly  significant  in  the  case 
of  terrestrial  sediments  which  are  transported  from  riverine 
environments  to  the  marine  environment  as  is  the  case  for  a 
substantial  quantity  of  weathered  sedimentary  particles. 

Considerable  evidence  indicates  that  clay  particles  that 
flocculate  in  the  marine  environment  and  those  clay  par- 
ticles that  mutually  contact  at  the  sediment-water  interface, 
attract  particle-to-particle  with  sufficient  resultant  physico- 
chemical  force  to  be  chemically  irreversible.  This  is  par- 
ticularly evident  with  regard  to  further  chemical  changes 
'hat  may  ensue  during  natural  processes.  The  chemically  ir- 
iv»i'ersible  nature  of  marine  flocculated  clay  particles  has 
been  alluded  to  by  Whitehouse  and  others  (1960).  These 
researchers  stated  that  clay  materials  exposed  to  marine 
waters  exhibit  a  dispersal  resistance  to  ultimate  defloccula- 
tion  that  is  quite  different  from  the  resistance  to  dispersal  of 
similar  material  not  so  exposed. 

Convincing  evidence  indicating  the  chemically  irreversible 
nature  of  marine  flocculated  clays  was  revealed  during  the 
analysis  of  the  clay  fabric  techniques  employed  in  this 
study  of  the  Mississippi  Delta  and  D.S.D.P.  samples.  In 
retrospect,  these  sediment  subsamples  were  prepared  for 
T.E.M.  clay  fabric  analysis  through  the  replacement  of  the 
interstitial  water  by  a  series  of  miscible  fluids  for  critical 
point  drying.  The  dry  samples  were  then  embedded  with 
SPURR  low-viscosity  resin.  The  miscible  fluids  included 
the  series  ethyl  alcohol  to  amyl  acetate  and  then  to  liquid 
carbon  dioxide  for  critical  point  drying.  This  type  of  treat- 
ment is  considered  to  be  rather  vigorous  in  terms  of  the 
chemical  changes  that  the  interstitial  (intermediate)  fluids 
and  the  surrounding  chemical  atmosphere  of  clay  par- 
ticles of  a  sediment  undergo  and  such  treatment  is  much 
more  rigorous  than  would  be  experienced  by  marine  sus- 
pended sediment  or  submarine  sedimentary  deposits  in  na- 
ture (Matthew  H.  Hulbert,  personal  communication).  As  an 
example,  an  important  factor  of  the  chemical  changes  that 


the  interstitial  fluids  undergo  is  the  virtually  complete  strip- 
ping away  of  the  ambient  saline  interstitial  water  that  is 
high  in  electrolyte  content.  In  addition,  the  original  inter- 
stitial saline  water  having  a  bulk  dielectric  constant  of  ap- 
proximately 78  to  80  is  replaced  by  fluids  having  consider- 
ably lower  dielectric  constants  of  approximately  24  (ethyl 
alcohol),  5  (amyl  acetate),  and  1.6  (liquid  CO2). 

Clearly,  despite  the  rather  vigorous  chemical  changes  and 
subsequent  embedding  of  the  dry  samples  with  resin,  the 
clay  fabric  samples  retained  their  particle-to-particle  integ- 
rity indicating  the  existence  of  strong  attractive  forces  be- 
tween clay  particles  sufficient  to  overcome  microstructural 
degradation.  This  suggests  that  chemical  changes  in  the 
marine  environment  following  the  flocculation  and  sedimen- 
tation of  particles  will  not  significantly  alter  the  fabric  of 
sedimentary  material  and  that  subsequent  changes  in  the 
"original"  character  of  the  fabric  require  some  form  of 
mechanical  energy  such  as  turbulence  (in  the  water  column), 
shearing  of  sediment  or  floes,  overburden  stress,  and  in  some 
cases  possibly  biological  activity   ( bioturbation ) . 

The  significance  of  the  principle  of  clay  fabric  irreversi- 
bility for  marine  sediment  is  that  the  chemical  environment 
surrounding  the  clay  particles  plays  a  critical  role  in  the 
initial  stages  of  fabric  development  in  the  water  column  and 
at  the  sediment-water  interface.  Subsequent  to  the  initial 
flocculation  of  particles  and  deposition,  the  chemistry  of  the 
interstitial  water  and  ambient  water  chemistry  probably  play 
very  passive  roles  in  the  postdepositional  changes  in  the 
clay  fabric  and  in  the  postflocculated  states.  Flocculation  in 
the  water  column  would  not  be  a  significant  process  without 
a  sufficient  concentration  of  suspended  sediment  providing 
close  particle-to-particle  proximity  for  particle  contact.  This 
does  not  rule  out  the  fact  that  postdepositional  cementation 
and  authigenic  mineralization  may  in  some  cases  influence 
the  ultimate  response  of  the  clay  particles  to  physical  forces. 
Mechanical  energy  rather  than  chemical  energy  plays  the 
dominant  role  in  postflocculntion  and  postdepositional  stages 
of  clay  fabric  development. 

Tentative  Clay  Fabric  Models  for 
Submarine  Sediment 

This  clay  fabric  study  of  selected  Mississippi  Delta  and 
D.S.D.P.  submarine  sediments  and  also  the  fabric  studies 
by  Bowles  (1968)  and  Mathewson  and  others  (1972)  have 
revealed  a  few  characteristic  features  of  clay  fabric  that  ap- 
pear to  be  diagnostic  of  material  composed  largely  of  smec- 
tite and  illile.  Based  on  the  observations  of  these  studies,  a 
tentative  fabric  model  can  be  developed  integrating  the  basic 
characteristics  of  the  clay  fabric.  First,  a  few  fundamentals 
of  submarine  sediment  clay  fabric  can  be  established. 

(1)  The  basic  "building  blocks"  of  clay  fabric  are  do- 
mains  and/or  "single  platelike"  particles. 

(2)  The  basic  particles  can  form  floes  or  chains.  Because 
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T.E.M.  photomicrographs  represent  two-dimensional  features 
of  the  clay  fabrics,  some  chains  observed  may  actually  be 
composed  of  numerous  face-to-face  particles  oriented  in  ap- 
proximately J:he  "third  dimension"  of  the  field  of  view  (a 
"shingle"  type  particle  chain) . 

(3)  The  framework  of  clay  fabric  can  be  developed  by 
predominantly  domains,  "single  platelike"  particles,  fliocs, 
chains,  or  a  combination  of  these  basic  fabric  entities. 

(4)  High-porosity  submarine  sediment  having  micro- 
structural  integrity,  as  borne  out  by  the  property  of  sig- 
nificant natural  shear  strength,  requires  well  established 
particle-to-particle  contacts. 

(5)  In  order  to  build  a  high-porosity  (high  void  ratio) 
sediment  having  microstructural  integrity,  particle-to-particle 
contacts  must  be  maintained  commensurate  with  an  increase 
in  the  ratio  of  the  volume  of  the  voids  to  the  volume  of  the 
solids. 

(6)  The  most  efficient  method  of  building  a  high-porosity 
sediment  is  through  the  development  of  long  chains  (edge- 
to-edge  or  stepped  face-to-face  particle  contacts  or  a  combi- 
nation of  these  features).  Very  high-porosity  sediment  is 
achieved  by  combining  these  features  with  a  decrease  in 
particle  thickness  such  as  "single  platelike"  particles  rather 
than  domains. 

(7)  Very  low-porosity  sediment  can  be  achieved  efficiently 
by  face-to-face  particle  packing  resulting  in  a  high  degree 
of  particle  preferred  orientation. 

These  basic  characteristics  of  clay  fabric  have  been  ob- 
served during  this  study.  They  form  a  basis  for  the  develop- 
ment of  various  models  considered  to  be  diagnostic  of  sub- 
marine sediment  composed  predominantly  of  smectite  and 
illite.  Submarine  sediment  composed  chiefly  of  other  types 
of  clay  minerals  may  develop  somewhat  different  particle- 
to-particle  clay  fabric  relationships.  Further  studies  of  sub- 
marine clay  fabric  may  require  some  modification  and/or 
additions  to  the  proposed  fabric  models.  With  the  above 
fundamentals  in  mind,  the  various  models  were  developed 
relating  fabric  characteristics  to  void  ratio  as  depicted  in 
figure  94.  Based  on  the  observations  made  during  this  study 
and  through  the  examination  of  the  fabric  presented  by 
Bowles  (1968),  approximate  tentative  values  for  void  ratios 
characteristic  of  the  various  fabric  models  are  suggested. 

The  models  reveal  that  the  void  ratio  can  be  efficiently 
increased  simply  by  increasing  the  lengths  of  the  chains.  Low 
void  ratios  conversely  are  characterized  by  essentially  no 
chains  but  a  relatively  high  density  packing  of  clay  particles 
with  a  tendency  toward  preferential  particle  orientation.  Clay 
sediment  having  very  low  void  ratios,  on  the  other  hand,  can 
be  efficiently  developed  by  close  particle-to-particle  packing 
with  strong  preferred  overall  particle  orientation. 

The  proposed  models  of  submarine  sediment  clay  fabric 
can  be  used  as  a  guide  to  further  investigations  of  sediments, 
particularly  studies  focused  on  various  depositional  environ- 


ments. These  models  should  not  be  considered  as  character- 
istic of  all  submarine  clays.  They  are,  however,  useful  in 
gaining  an  insight  into  the  particle-to-particle  characteristics 
related  to  selected  mass  physical  properties  such  as  void 
ratio,  porosity,  and  wet  bulk  density.  In  addition,  the  clay 
fabric  representations  establish  a  framework  for  further 
studies  relating  diagnostic  features  of  the  fabric  (particle- 
to-particle  associations)  to  the  behavior  of  clay  sediments 
under  static  and  dynamic  loads.  Some  of  the  obvious  clay 
particle-to-particle  associations  with  reference  to  selected 
geotechnical  test  data  were  discussed  in  earlier  sections  of 
this  paper.  Further  detailed  studies  would  increase  our 
understanding  of  the  relationships  among  clay  fabric  char- 
acteristics and  submarine  sediment  geotechnical  properties. 


Summary 


This  research  was  concerned  with  the  clay  fabric  and 
selected  geotechnical  properties  of  submarine  sediment  from 
the  Mississippi  prodelta  depositional  environment  sampled 
to  depths  of  150  m  below  the  mudline.  Fabric  analysis  was 
carried  out  using  techniques  of  transmission  electron  micro- 
scopy, unique  sample  preparation,  and  quality  control.  Re- 
lationships among  the  clay  fabrics  and  selected  geotechnical 
properties  characteristic  of  the  Mississippi  Delta  submarine 
sediments  and  of  a  selected  D.S.D.P.  clay  sample  were  in- 
vestigated. This  study  was  organized  and  pursued  under 
three  general  areas  of  investigation. 

(1)  A  comprehensive  review  of  the  literature  was  made, 
tracing  the  early  concepts  of  clay  fabric  and  evolution  of 
ideas  to  the  recent  observations.  This  study  found  a  basis  for 
comparison  and  evaluation  of  previous  ideas  and  observa- 
tions with  the  fabric  characteristics  of  the  sediments  investi- 
gated. The  review  revealed  major  areas  where  important 
research  and  new  clay  fabric  techniques  were  needed. 

(2)  A  detailed  study  was  given  to  the  evaluation  of 
analytical  techniques,  instrumentation,  and  sample  quality 
as  applied  to  the  study  of  clay  fabric.  Sediment  core  sample 
quality  was  assessed  by  various  techniques,  and  special 
methods  were  used  to  maintain  the  clay  particle-to-particle 
integrity  during  sample  preparation  for  T.E.M. 

(3)  A  detailed  investigation  was  made  of  submarine  sedi- 
ment clay  fabrics  from  Mississippi  Delta  and  D.S.D.P.  core 
samples.  The  clay  fabrics  were  related  to  selected  geotechni- 
cal properties,  depth  of  burial,  and  laboratory  consolidation 
loads.  Tentative  clay  fabric  models  for  submarine  sediment 
were  proposed  and  related  to  characteristic  void  ratios.  The 
significance  and  evidence  of  the  principle  of  clay  fabric  ir- 
reversibility for  marine  sediments  were  discussed. 

A  Synopsis — Literature  Review 

Review  of  the  literatuie  revealed  that  as  early  as  the  first 
part  of  the  1900s  engineers  and  geologists  recognized  the 
importance  of  clay  particle  arrangements  in  sediments  as 
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Figure  94.— Proposed  tentative  clay  fabric  models  for  submarine  sed 


iment. 
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fundamental  to  the  understanding  of  the  behavior  of  clay 
materials  to  natural  and  artificial  loads.  Sorby  (1908) 
alluded  to  the  importance  of  clay  particle  arrangements  dur- 
ing settling  and  during  consolidation  processes.  Perhaps  the 
most  well-known  and  earliest  concept  of  clay  fabric  was 
presented  by  Terzaghi  (1925)  in  a  discussion  on  particle 
arrangement  and  bonding  of  cohesive  soils.  He  proposed  a 
honeycomb  type  structure  conceived  as  being  made  up  of 
numerous  single  grain  clay  particles  held  together  by  ad- 
hesion. Later  Casagrande  (1932)  presented  a  similar  idea 
of  the  honeycomb  structure  as  an  explanation  for  the  nature 
of  sensitive  soils.  Goldschmidt  (1926)  and  Lambe  (1953) 
proposed  the  classical  cardhouse  structure  to  explain  the 
highly  sensitive  nature  of  some  clays  and  the  nature  of  clay 
particle-to-particle  arrangements  as  a  function  of  the  electro- 
lytic environment  during  flocculation  in  a  marine  environ- 
ment. The  importance  of  the  physicochemistry  in  determin- 
ing clay  fabric  characteristics  was  clearly  pointed  out  by 
Lambe  (1953,  1958a).  A  schematic  picture  of  clay  fabric 
showing  a  three-dimensional  configuration  was  presented  by 
Tan  (1957).  This  contrasted  with  the  two-dimensional  rep- 
resentation by  earlier  investigators. 

Mitchell  ( 1956 )  pointed  out  important  differences  between 
dispersed  and  flocculated  clays  in  relation  to  their  geotechni- 
cal  properties.  Rosenqvist  (1955)  described  the  random 
particle  orientation  of  highly  sensitive  Norwegian  marine 
clays  that  had  never  been  consolidated  to  a  great  degree. 
Somewhat  later,  van  Olphen  (1963)  depicted  in  a  descrip- 
tive sense  the  difference  in  particle  arrangements  of  sediment 
in  a  peptized  versus  a  flocculated  suspension  and  described 
various  conceptual  models  of  possible  modes  of  particle 
association  such  as  dispersed,  flocculated,  deflocculated,  and 
aggregated.  Many  of  the  earlier  studies  discussed  clay  fabric 
in  terms  of  single  particle  associations  and  interaction. 
Meade  (1964)  contended  that  there  was  meager  evidence 
showing  that  preferred  and  turbostratic  fabrics  (composed 
of  multiplate  particles)  formed  readily  and  generally  during 
natural  consolidation,  although  they  were  observed  in  lab- 
oratory tests.  Quigley  and  Thompson  (1966)  found  that 
reorientation  of  clay  particles  occurred  during  laboratory 
consolidation  of  a  marine  clay  and  that  abrupt  increases  in 
parallelism  occurred  at  pressures  exceeding  the  preconsoli- 
dation  pressure.  Smart  (1967)  also  found  that  laboratory 
prepared  clay  samples  (kaolinite)  exhibited  a  random 
arrangement  of  particles  or  small  groups  of  particles  and 
that  during  consolidation  testing  preferred  particle  orienta- 
tion occurred  and  turbostratic  structure  developed.  These 
early  studies  set  the  stage  for  later  observations  of  clay 
fabric  made  with  the  electron  microscope. 

With  the  advent  of  the  electron  microscope  (E.M. ) ,  renewed 
interest  in  clay  fabric  developed.  This  resulted  in  numerous 
direct  observations  of  clay  particle  arrangements  in  natural 
and  artificially  prepared  sediments.  A  very  early  E.M.  study 
vaguely  described  clay  particles  (plates)  arranged  one  upon 


the  other  with  a  slight  displacement  of  each  (Hast  1947). 
Later  Rosenqvist  (1959),  giving  evidence  supporting  the 
"turbostratic"  type  fabric,  set  the  stage  for  E.M.  studies  to 
follow  in  the  "sixties."  Numerous  electron  microscopy 
studies  of  clay  fabric  followed  these  initial  E.M.  investiga- 
tions. Aylmore  and  Quirk  (1959,  1960)  proposed  the  term 
"turbostratic"  arrangement  for  a  fabric  consisting  of  do- 
mains or  "stacks."  Kell  (1964)  and  Sloane  and  Kell  (1966) 
described  a  clay  fabric  similar  to  the  "turbostratic"  arrange- 
ments but  with  a  more  open  structure  which  they  called 
bookhouse  or  book  structures.  Types  of  domains  were  de- 
scribed by  Sloane  and  Kell  (1966)  as  "books"  and  by 
Smalley  and  Cabrera  (1969)  as  stepped  face-to-face.  T.E.M. 
and  S.E.M.  studies  have  advanced  the  understanding  of  sedi- 
ment clay  fabrics  considerably.  Several  studies  were  con- 
cerned with  clay  particle  arrangements  in  shales  (White 
1961;  Gipson  1965,  1966;  Odom  1967;  O'Brien  1968).  The 
first  reported  fabric  studies  of  submarine  sediments  were 
made  by  Bowles  (1969)  for  various  Gulf  of  Mexico  clays. 
His  studies  strongly  suggested  the  presence  of  domains  in 
lightly  (naturally)  consolidated  submarine  sediments  and 
the  development  of  strong  preferred  particle  orientation  in 
laboratory  consolidated  samples  at  loads  of  3,128  kPa  and 
higher. 

An  acceleration  of  clay  fabric  research  since  about  1970 
was  evident  by  the  numerous  meetings  and  symposia  devoted 
almost  entirely  to  the  presentation  of  research  on  clay  micro- 
structure.  The  increasing  interest  has  been  due  not  only  to 
the  numerous  findings  and  observations  made  using  the  elec- 
tron microscope  as  a  tool  to  study  clay  fabric,  but  also  more 
significantly  to  the  general  realization  of  the  importance  of 
clay  microstructure  on  the  engineering  behavior  and  the 
fundamental  nature  of  clayey  sediments.  Excellent  studies 
were  presented  at  the  Southeastern  Asian  Conferences  on 
Soil  Engineering,  1970,  1971 ;  the  Roscoe  Memorial  Sym- 
posium, 1971,  Cambridge  University;  the  3rd  International 
Conference  on  Expansive  Soils,  1973,  Haifa,  Israel;  The 
Fourth  International  Working-Meeting  on  Soil  Micro- 
morphology.  Kingston,  Ontario,  Canada,  1973:  the  Clays 
and  Clay  Minerals  Conference,  1973,  Banff,  Canada;  and 
the  International  Symposium  on  Soil  Structure,  1973, 
Gothenburg,  Sweden.  The  earliest  studies  using  the  electron 
microscope  used  the  transmission  electron  microscope  ex- 
clusively. Recently,  however,  the  scanning  electron  micro- 
scope has  been  frequently  used  to  study  fractured  surfaces 
of  clay  samples. 

O'Brien  (1971)  described  stairstep  structures  character- 
istic of  laboratory  sedimented  kaolinite  and  illite  clays. 
The  representations  appeared  quite  similar  to  the  structure 
presented  by  Lambe  (1958a)  for  salt-flocculated  sediment 
and  similar  to  the  fabric  called  stepped  face-to-face  described 
by  Smalley  and  Cabrera  (1969).  O'Brien  (1970)  found  a 
strong  relationship  between  clay-flake  orientation  and  fissility 
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during  a  study  of  shale  and  claystone  fabrics.  He  found  that 
certain  organic-rich  black  shales  revealed  the  best  fissility 
and  greatest  degree  of  preferred  grain  orientation.  An  ex- 
cellent study  was  made  of  the  microstructural  changes  in  a 
marine  quick  clay  at  failure  (Pusch  1970).  Electron  photo- 
micrographs revealed  that  the  clay  was  characterized  by  a 
very  porous  network  of  dense  aggregates  connected  by  links 
of  particles  (linking  chains ) . 

A  noted  change  from  the  early  ideas  of  clay  fabric  was 
realized  by  the  pronounced  increase  in  the  observations, 
studies,  and  publications  discussing  the  presence  of  com- 
pound, multiplate  particles  such  as  domains,  aggregates,  and 
crumbs — which  contrasted  sharply  with  the  early  concepts 
of  single  clay  particle  fabrics.  These  observations  were  made 
by  soil  scientists  as  well  as  by  engineers  and  geologists 
(Pusch  1970;  Barden  and  others  1970;  Yong  1971;  Barden 
1972;  Smart  1972;  Moon  1972;  Bennett  and  Bryant  1973; 
McConnachie  1974;  Collins  and  McGown  1974).  The  im- 
portance of  domains,  and  compound  multiplate  particles  in 
general,  were  clearly  recognized  as  an  important  aspect  of 
clay  fabrics.  The  influence  of  compound  particles  on  the 
engineering  behavior  of  sediment  was  studied  by  several  of 
the  above  mentioned  investigators.  The  majority  of  current 
studies  of  clay  fabric  have  not  failed  to  recognize  the  pres- 
ence of  multiplate  particles  in  various  sediment  types;  how- 
ever, it  has  been  pointed  out  that  their  presence  in  freshly 
deposited  sediment,  rather  than  formed  as  a  function  of 
consolidation,  has  been  difficult  to  establish  (Moon  1972). 

Fabric  unit  interaction  and  classification  were  recently 
discussed  for  the  purpose  of  prediction  of  soil  behavior 
response  and  for  the  development  of  fabric  models  which 
more  closely  approach  a  physical  description  of  real  sedi- 
mentary material  (Yong  and  Sheeran  1973).  Yong  and 
Sheeran  stressed  the  importance  in  recognizing  the  "fabric 
unit"  (groups  of  particles  including  crumbs,  aggregates, 
clusters,  floccules,  and  domains)  as  consisting  of  multiple 
particles  in  the  majority  of  cases  rather  than  single  particle 
arrangements  making  up  the  basic  structure  of  sediment. 
Collins  and  McGown  (1974)  attempted  to  delineate  re- 
lationships among  clay  fabrics,  mode  of  deposition,  and 
depositional  environment  but  were  not  entirely  successful. 
They  found,  however,  fabric  features  or  sets  of  features 
characteristic  of  any  one  sediment  type. 

Review  of  the  literature  on  clay  fabric  clearly  pointed  out 
that,  although  numerous  studies  have  been  made,  a  paucity 
of  data  and  information  exists  in  various  areas  of  clay  fabric 
research.  Only  a  few  studies  dealing  with  the  fabric  of 
natural  sedimentary  material  have  been  reported  in  contrast 
to  numerous  studies  of  laboratory  prepared  sedimentary  ma- 
terial. With  the  exception  of  the  research  of  Bowles  (1968) 
and  Bowles  and  others  (1969),  studies  of  submarine  sedi- 
ment clay  fabrics  are  virtually  nil.  Very  scant  information 
exists  on  the  initial  stages  of  fabric  formation  in  natural  sys- 


tems and  the  affects  of  organic  and  inorganic  compounds  on 
the  development  of  clay  fabrics.  Unfortunately,  clay  fabric 
samples  of  many  T.E.M.  and  S.E.M.  studies  were  not  care 
fully  prepared,  rendering  the  final  observations  highly  sus 
pect  in  terms  of  original  features  characteristic  of  the  sedi-i 
ment  investigated.  Standards  for  1 )  clay  fabric  analysis,  2) 
sample  preparation,  3)    assessing  bulk  sample  quality,  and! 
4)  electron  microscopy  techniques  in  general  were  found  to 
be  virtually  nonexistent.  A  few  studies  recognized  the  need 
for  careful  laboratory  techniques  applied  to  the  study  of  clay 
fabric;  however,  no  basic  standards  were  established. 

Although  a  few  typical  fabric  types  have  been  classified 
as  honeycomb,  cardhouse,  turbostratic.  bookhouse,  and 
stairstepped,  recent  studies  have  clearly  revealed  that  domain 
type  particles  rather  than  single  plate  particles  are  the  rule 
for  most  natural  sedimentary  clayey  materials.  The  unlimited 
variation  in  particle  size,  shape,  and  composition,  coupled 
with  the  depositional  environment,  physicochemistry  and 
transportation  of  sedimentary  detritus  through  changing  en- 
vironmental conditions,  all  increase  the  complexity  and  ulti- 
mate nature  of  the  sediment  fabrics  of  a  particular  deposit. 

A  Synopsis — Evaluation  of  Analytical 

Techniques,  Instrumentation,  and 

Sample  Quality 

The  most  critical  steps  in  preparing  samples  for  electron 
microscopy  studies  are  the  techniques  employed  in  the  de 
hydration  of  water-saturated  specimens.  Likewise,  the  tech- 
niques for  embedding  a  sample  with  an  appropriate  medium, 
a  necessary  prerequisite  to  ultrathin  sectioning,  must  be 
accomplished  with  care.  These  factors  were  given  paramount 
importance  during  this  study  of  clay  fabric.  Careful  tech- 
niques were  employed  in  order  to  insure  high  quality  com- 
parable results  by  maintaining  the  structural  integrity  and 
particle-to-particle  relationships  of  the  clay  samples.  Clay 
specimens  for  this  study  were  critical  point  dried  following 
careful  removal  of  interstitial  water  and  replacement  with 
intermediate  fluids,  embedded  with  a  low-viscosity  epoxy 
resin,  and  sectioned  with  a  microtome.  Ultrathin  sections 
were  examined  by  transmission  electron  microscopy. 

Sediment  core  quality  and  subsample  preparation  tech- 
niques for  clay  fabric  analysis  were  evaluated  during  this 
study.  The  quality  of  the  sediment  cores  was  assessed  by 
means  of  shear  strength  tests,  both  in  situ  and  laboratory 
miniature  vane  and  Torvane,  and  by  results  from  consolida- 
tion test  (e-log  p  curves).  Clay  fabric  particle-to-particle 
integrity  as  depicted  in  T.E.M.  photomicrographs  was  eval- 
uated in  terms  of  fabrics  of  natural  (undisturbed)  versus 
remolded  samples,  image  enhancement  techniques  applied 
to  clay  fabric,  and  visual  assessment  of  subsample  integrity 
during  preparation  and  analysis.  Close  agreement  between 
in-situ  shear  strength  measurements  and  strength  tests  on 
cored  material   indicated  relatively   high   quality   sediment 
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cores  with  minimal  disturbance  caused  by  coring.  Similar- 
ities between  sensitivities  by  the  in-situ  vane  measurements 
and  those  determined  on  the  cored  sediment  also  corrob- 
orated this  conclusion.  Consolidation  tests  of  natural  and 
remolded  samples  as  well  as  evaluation  by  the  index  of  dis- 
turbance classification  (Silva  1974)  indicated  that  the  cored 
sediment  was  of  relatively  high  quality  showing  a  minimal 
degree  of  disturbance. 

Examination  of  transmission  electron  photomicrographs 
of  undisturbed  and  remolded  samples  clearly  indicated  that 
the  subsamples  had  been  prepared  effectively  and  that  the 
undisturbed  samples  had  maintained  their  particle-to-particle 
structural  integrity.  Remolding  revealed  complete  struc- 
tural breakdown  and  a  rearrangement  of  particles  into  local 
areas  of  strong  preferred  orientation.  Remolding  caused 
floes  of  the  D.S.D.P.  sample  to  reform  into  domains,  causing 
complete  collapse  of  the  floes  and  linking  chain  structure  of 
the  undisturbed  samples.  Undisturbed  samples  revealed 
unique  particle-to-particle  contacts  and  structural  complex- 
ity quite  different  from  the  remolded  sample  fabrics. 

Clay  fabric  integrity  and  sample  quality  as  influenced  by 
sample  preparation  were  evaluated  by  image  enhancement 
techniques.  A  representative  clay  fabric  sample  T.E.M. 
photomicrograph  of  low  shear  strength,  high-porosity  sedi- 
ment was  assessed  with  a  Digital  Image  Processing  System 
for  the  primary  purpose  of  detecting  possible  microstruc- 
tural  degradation  due  to  sample  preparation  techniques.  The 
basic  problem  was  to  delineate  the  different  film  densities 
or  gray  levels  present  in  the  negative  as  processed  by  the 
Laser  Image  Processing  Scanner  and  the  Digital  Image 
Processing  System  and  to  determine  the  area  represented  by 
each  gray  level.  Given  the  total  area  of  the  film  transparency 
and  the  area  of  the  solids  and  the  voids,  the  void  ratio  and 
porosity  for  the  sample  was  calculated  and  compared  with 
the  values  determined  by  standard  laboratory  techniques. 
Close  agreement  between  techniques  indicated  that  the  sedi- 
ment subsample  investigated  had  remained  essentially  micro- 
structurally  intact,  maintaining  its  particle-to-particle  integ- 
rity. This  was  borne  out  by  the  apparent  constant  void  ratio 
(porosity)  maintained  throughout  the  entire  analytical  pro- 
cedures of  sample  preparation. 

The  evaluation  of  core  sample  quality  and  subsample 
preparation  techniques  has  clearly  revealed  that  standard 
soil  mechanics  tests,  transmission  electron  microscopy  analy- 
sis, and  computer  digital  image  processing  and  image  en- 
hancement can  be  integrated  and  used  effectively  to  assess 
the  quality  of  clay  sediment  cores,  the  preparation  of  samples 
(techniques ) ,  and  the  electron  photomicrographs  of  clay 
fabrics. 

A  Synopsis — Clay  Fabric  and  Selected 
Geotechnical  Properties 

The  electron  photomicrographs  have  revealed  a  clay  fab- 
ric   of   randomly    oriented    domains    characteristic    of    the 


moderately  high-porosity  sediment  to  depths  of  approxi- 
mately 37  m  below  the  mudline.  Domains  were  the  predomi- 
nant clay  particle  type  present  with  some  recognizable  thin 
"single  platelike"  particles  associated  particularly  in  close 
proximity  with  the  larger  particles  (domains).  The  voids 
of  the  high-porosity  clays  ranged  in  size  from  "small"  to 
relatively  "large",  and  they  were  irregularly  shaped.  The 
deeply  buried  low-porosity  clays  in  excess  of  85  m  were 
characterized  by  a  strong  preferred  particle  orientation  with 
associated  "thin"  long  voids.  Dominant  preferred  particle 
orientation  but  not  complete  preferential  arrangement  was 
the  rule  for  these  clay  sediments.  With  a  few  exceptions,  the 
fabric  characteristics  of  the  Mississippi  Delta  sediments  in- 
vestigated during  this  study  agreed  reasonably  well  with  the 
model  of  particle  arrangement  in  flocculated  clay  proposed 
by  Moon  (1972).  The  clay  fabric  of  the  relatively  high 
porosity  sediment  closely  resembled  the  "turbostratic"  ar- 
rangement proposed  by  Aylmore  and  Quirk  (1960)  but 
questioned  by  Meade  (1964)  as  being  a  significant  compo- 
nent of  natural  sediments.  Image  enhancement  and  digital 
image  processing  of  the  high-porosity  clay  fabric  photo- 
micrograph clearly  revealed  the  presence  of  multiplate  par- 
ticles or  domains. 

The  D.S.D.P.  clay  fabric  sample  characterized  by  floes  and 
linking  chains  contrasted  sharply  with  the  Mississippi  Delta 
samples.  The  fabric,  however,  closely  resembled  the  observa- 
tions and  model  depicted  by  Pusch  (1966,  1970)  by  virtue 
of  the  floes  and  linking  chains.  The  differences  in  the  fabrics 
of  the  two  sediment  types  undoubtedly  were  due  to  signif- 
icant differences  in  depositional  environment,  sediment 
source,  and  related  environmental  conditions.  Different  rates 
of  sediment  deposition  were  quite  likely  an  important  con- 
tributing factor  for  the  differences  in  the  ultimate  clay 
fabrics  of  the  Mississippi  Delta  and  D.S.D.P.  (deep-sea) 
samples. 

Geotechnical  properties  were  related  to  the  clay  fabrics 
observed  for  the  Mississippi  Delta  sediment,  and  particular 
reference  was  given  to  changes  in  the  properties  with  depth 
of  burial.  The  change  in  void  ratio  with  increasing  depth  of 
burial  was  related  to  the  clay  fabrics.  Relatively  high  void 
ratio  sediment  was  found  to  be  characterized  by  a  fabric  of 
randomly  oriented  domains  and  short  chains  with  particles 
in  edge-to-face  and  some  face-to-face  contacts.  Lower  inter- 
mediate void  ratio  sediment  showed  greater  particle-to- 
particle  packing  but  a  consistent  predominance  of  randomly 
arranged  particles  with  a  few  chains  and  perhaps  a  slight 
development  of  larger  domains  than  observed  in  the  high 
void  ratio  sediment.  The  low  void  ratio  sediment  was 
strongly  influenced  by  the  highly  oriented  clay  particles  and 
thin,  long,  narrow  voids  brought  about  by  high  density  pack- 
ing of  the  particles  into  long  chains.  Five  general  porosity 
zones  with  depth  below  the  mudline  were  delineated  and  re- 
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lated  to  the  clay  fabrics,  wet  unit  weights  (wet  bulk 
densities) ,  and  shear  strengths. 

Three  important  factors  were  examined  to  gain  an  insight 
into  the  possible  degree  and  similarity  to  which  laboratory 
consolidation  of  selected  Mississippi  Delta  samples  simulated 
the  actual  natural  consolidation  of  the  parent  sedimentary 
deposit.  The  three  factors  examined  and  studied  in  the 
analysis  were: 

(1)  Void  ratio  versus  depth  of  burial: 

a.  actual  physical  properties  laboratory   measure- 
ments (calculated). 

b.  predicted  based  on  consolidation  tests   (Hamil- 
ton method,  1959) . 

(2)  Overburden  stress  based  on  measured  physical 
properties : 

a.  calculated  based  on  actual  physical  properties. 

b.  predicted  based  on  consolidation  tests   (Hamil- 
ton method,  1959). 

(3)  Delineation  of  the  clay  fabrics  of  consolidation 
samples  and  comparison  with  the  fabrics  of  natur- 
ally consolidated  sediment. 

Plots  of  void  ratio  versus  depth  of  burial  as  well  as  over- 
burden stress  versus  depth  of  burial  for  both  predicted  and 
calculated  (measured)  cases  revealed  a  very  close  similarity 
in  the  curves  for  the  artificial  (laboratory)  and  natural  cases. 
Examination  of  the  clay  fabrics  from  laboratory  consoli- 
dated samples  revealed  a  striking  similarity  with  the  deeply 
buried  naturally  consolidated  sediment.  Based  on  the  data 
presented  in  this  study,  the  observed  clay  fabrics,  consoli- 
dation data,  and  the  data  presented  by  Bowles  and  others 
(1969),  the  high  degree  of  preferred  particle  orientation  of 
a  consolidating  high  void  ratio  submarine  clay  sediment 
(Mississippi  Delta  and  some  Gulf  of  Mexico  sediment)  is 
achieved  probably  at  loads  in  excess  of  3.92X10^  kPa,  but 
at  loads  less  than  8.95  XlO^  kPa.  Evaluation  and  analysis 
of  the  data  strongly  suggest  and  indicate  a  striking  similar- 
ity between  natural  and  laboratory  consolidated  Mississippi 
Delta  sediments. 

There  has  been  considerable  conjecture  concerning 
changes  in  porosity  with  increasing  depth  of  burial  and  de- 
velopment of  fissility  in  shale.  The  most  conclusive  evidence 
from  other  studies  to  date  indicated  that  preferred  particle 
orientation  is  related  to  fissility,  but  the  degree  of  preferred 
clay  mineral  orientation  is  not  generally  directly  related  in 
most  cases  to  depth  of  burial.  The  general  decrease  in 
porosity  with  increasing  depth  of  burial  and  overburden 
stress  varies  considerably  from  sediment  to  sediment.  These 
relationships  were  investigated  during  this  study.  The  Delta 
sediments  with  highly  oriented  clay  particles  were  observed 
to  be  "well  on  the  way"  to  developing  the  high  degree  of 
fissility  commonly  found  in  shales  despite  the  rather  limited 
depth  of  burial  and  corresponding  relatively  low  overburden 


stress.  Apparently,  the  fabric  at  the  time  of  sediment  deposi- 
tion plays  an  important  role  in  determining  the  ultimate 
response  of  the  clay  particles  to  overburden  stress  and  the 
degree  to  which  consolidation  will  ensue.  Low  rates  of  sedi- 
mentation and  loading  commensurate  with  diagenetic  cemen- 
tation and  particle-to-particle  bonding  would  be  expected  to 
substantially  inhibit  realignment  of  clay  particles  and  the 
development  of  fissility  in  clayey  sediments.  Factors  other 
than  increasing  depth  of  burial  and  corresponding  over- 
burden stress  influence  the  degree  of  consolidation  of  a 
particular  sedimentary  deposit. 

Convincing  evidence  indicating  the  chemically  irreversible 
nature  of  marine  flocculated  clays  was  revealed  during  the 
analysis  of  the  clay  fabric  techniques  used  in  this  study. 
The  present  evidence  indicates  that  clay  particles  which 
flocculate  in  the  marine  environment  and  those  clay  par- 
ticles that  mutually  contact  at  the  sediment-water  interface, 
attract  particle-to-particle  with  sufficient  resultant  physico- 
chemical  force  to  be  chemically  irreversible.  This  is  partic- 
ularly evident  with  regard  to  further  chemical  changes  that 
may  ensue  during  natural  processes.  The  significance  of  the 
principle  of  clay  fabric  irreversibility  for  marine  sediment 
is  that  the  chemical  environment  of  clay  particles  plays  a 
critical  role  in  the  initial  stages  of  fabric  formation  (de- 
velopment) in  the  water  column  and  at  the  sediment-water 
interface.  Subsequent  to  the  initial  flocculation  of  particles 
and  deposition,  the  chemistry  plays  a  very  passive  role  in 
the  postdepositional  changes  in  the  clay  fabric  and  the  post- 
flocculated  states.  Mechanical  energy  rather  than  chemical 
energy  plays  the  dominant  role  in  postflocculation  and  post- 
depositional stages  of  clay  fabric  development. 

Based  on  a  few  fundamentals  of  submarine  sediment  clay 
fabric  delineated  during  this  study,  tentative  fabric  models 
were  developed  and  considered  to  be  characteristic  of  ma- 
terial composed  predominately  of  smectite  and  illite.  These 
models  were  associated  with  void  ratios  and  based  on  funda- 
mental characteristics  of  the  clay  fabrics.  The  models  reveal 
that  the  void  ratio  can  be  efficiently  increased  simply  by 
increasing  the  lengths  of  the  chains.  Low  void  ratios,  con- 
versely, can  be  characterized  by  essentially  no  chains  but 
relatively  high  density  packing  of  clay  particles  with  a 
tendency  toward  preferential  particle  orientation.  Clay  sedi- 
ment having  very  low  void  ratios  can  be  efficiently  developed 
by  close  particle-to-particle  packing  with  strong  preferred 
overall  particle  orientation.  The  proposed  models  of  sub- 
marine sediment  clay  fabric  can  be  used  as  a  guide  to 
further  investigations  of  sediment  fabrics,  particularly 
studies  focused  on  various  marine  depositional  environ- 
ments. This  research  pointed  out  numerous  areas  of  clay 
fabric  studies  that  require  further  investigation,  particularly 
those  aspects  concerned  with  the  initial  stages  of  fabric  for- 
mation and  the  effects  of  the  surrounding  chemical  environ- 
ment on  clay  particles  in  natural  systems. 
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Geotechnical  Properties 

of  a  Submarine  Slide 

Area  on  the  U.S.  Continental  Slope 

Northeast  of  Wilmington  Canyon 

RICHARD  H.  BENNETT,*  DOUGLAS  N.  LAMBERT,* 
AND  MATTHEW  H.  HULBERTf 


Abstract  A  relatively  large  submarine  slide  (slump  block)  and 
apparent  unstable  surficial  sediments  undergoing  creep  have  been 
delineated  in  bathymetric  and  seismic  reflection  profiles  along  the 
U.S.  Atlantic  continental  margin  northeast  of  Wilmington  Canyon. 
A  downslope  core  transect  was  made  over  selected  areas  to  assess 
the  geotechnical  properties  of  the  sediments  associated  with  the 
slide.  Sediments  are  predominantly  silty  clays  and  clayey  silts  rich 
in  illite,  with  lesser  quantities  of  feldspar,  kaolinite,  chlorite,  quartz, 
and  smectite  minerals.  Surficial  sediments  (cored,  up  to  12  m) 
upslope  from  the  slump  block  reveal  typical  variations  in  the  mass 
physical  properties  with  core  depth.  Shear  strength  and  wet  unit 
weight  show  a  steady  increase  with  depth  below  the  mudline  com- 
mensurate with  a  decrease  in  water  content.  In  contrast,  surficial 
sediments  downslope  overlying  the  slump  block  generally  have  low 
shear  strength  and  relatively  high  variability  in  other  mass  physical 
properties  with  core  depth.  Chemical  evidence  of  slumping  (as 
defined  by  the  sulfate  ion  content)  is  not  apparent  in  the  pore 
waters  collected  from  the  upper  10  m  of  sediment.  No  important 
relationships  are  obvious  among  the  physical  and  chemical  proper- 
ties, specifically  the  carbonates  or  complex  solids  of  iron  and 
manganese  oxides  or  hydroxides.  Sediment  failure  in  the  form  of  a 
major  submarine  slide  appears  to  have  been  a  significant  deforma- 
tional  process  during  the  geological  past  (late  Pleistocene).  Creep 
and  associated  deformational  features  recorded  in  the  surficial  sedi- 
ments are  presumably  a  result  of  recent  geological  processes. 
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Figure  1.     Study  area  northeast  of  Wilmington  Canyon. 

Introduction 

Numerous  geological  and  geophysical  studies  have  been  concerned  with 
regional  and  local  offshore  areas  of  the  shelf,  slope,  and  rise  of  the  U.S. 
Atlantic  continental  margin  in  recent  years  (Emery,  1966;  Stanley  and 
Kelling,  1968;  Uchupi,  1968,  1970;  Kelling  and  Stanley,  1970;  Lyall  et  al., 
1971;  Emery  and  Uchupi,  1972;  Schlee,  1973;  Doyle  et  al.,  1975;  Fritz 
and  Pilkey,  1975;  Knebel  and  Folger,  1976).  Available  detailed  geotech- 
nical  studies  of  the  U.S.  Atlantic  continental  margin  are  virtually  non- 
existent; however,  a  few  investigations  of  the  North  Atlantic  Basin  sedi- 
ments have  been  carried  out  (Richards,  1961,  1962;  Keller  and  Bennett, 
1968,  1970;  Silva  et  al.,  1976).  This  article  discusses  the  geotechnical 
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characteristics,  specifically  the  mass  physical  and  chemical  properties  and 
the  sedimentological  nature  of  surficial  sediments  associated  with  a  major 
submarine  slide  on  the  U.S.  continental  slope  northeast  of  Wilmington 
Canyon  (Figure  1). 

Examination  of  bathymetric  charts  of  the  continental  slope  demonstrated 
that  the  area  northeast  of  Wilmington-Canyon  was  characterized  by  unique 
morphological  features,  highly  suspect  as  an  area  of  instability  and  slump- 
ing. Stanley  (personal  communication,  1974)  suggested  that  the  area 
northeast  of  Wilmington  Canyon  was  a  likely  area  to  investigate  for 
submarine  slides.  A  detailed  bathymetric  and  seismic  reflection  survey  of 
the  selected  slope  area  has  revealed  a  major  submarine  slide  with  an 
estimated  sediment  volume  of  approximately  1 1  km''  comprising  the 
slump  block  proper.  Details  of  the  geophysical  nature,  slump  block,  strati- 
graphic  column,  and  geologic  history  of  the  slide  area  are  discussed  in 
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Figure  2.     Detailed  bathymetric  map  of  study  area  depicting  core  locations 
and  location  of  3.5-kHz  profile. 
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detail  by  both  McGregor  and  Bennett  (1977)  and  McGregor  (1977).  Sedi- 
ment failure  is  considered  to  have  occurred  along  a  late  Tertiary  erosion 
surface  during  the  late  Pleistocene. 


Site  Survey  and  Coring 

A  detailed  narrow-beam    (half-angle  beam   width   approximately  7°) 
echo  sounding  (NBES),  3.5-kHz  seismic  reflection  profile  (SRP)  was  made 
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Figure  3.     Core  positions  relative  to  3.5-kHz  profile  depicting  submarine  slide. 


788 


U.S.  CONTINENTAL  MARGIN  NORTHEAST  OF  WILMINGTON  CANYON      249 

in  the  selected  area  of  the  submarine  sHde.  The  survey  was  carried  out 
using  Loran  C  and  sateUite  navigation  with  approximately  0.5-km  track 
line  spacing.  The  NBES  data  were  used  to  develop  the  detailed  bathy- 
metric  map  of  the  study  area.  Examination  of  the  detailed  map  shows 
dissection  of  the  slope  by  numerous  small  valleys,  which  are  incised  above 
the  slump  block  in  some  cases  and  extend  to  the  lower  slope  (Figure  2), 
suggesting  postslump  erosional  processes  in  this  area  of  the  continental 
slope.  Surface  expression  of  the  slump  block  is  clearly  shown  in  the 
bathymetric  map  as  a  broadening  of  the  contours  at  depths  of  1000-1100 
m,  which  represents  the  head  of  the  block.  The  toe  of  the  block  was 
delineated  by  SRP  and  NBES  records  to  occur  approximately  in  the  1500- 
1600-m  isobath  range.  Although  a  wide  range  occurs  in  the  degree  of 
slope  over  small  areas,  particularly  in  and  around  the  incised  valleys,  the 
average  bottom  slope  or  gradient  above  the  slump  block  is  9°-14°,  whereas 
the  slope  averages  3.5'-5°  in  water  depths  exceeding  950  m  over  the 
slump  block  proper  (Figure  2). 

A  sediment  core  transect  was  made  over  selected  areas  of  the  slope 
identified  by  seismic  reflection  profiles  as  both  slumped  and  unslumped. 
A  total  of  1  3  Ewing-type  piston  cores,  one  Boomerang,  and  four  Bouma 
box  cores  were  collected  in  the  study  area.  A  few  hydroplastic  pilot  cores 
were  recovered  during  the  piston  coring  operation,  but  are  not  presented 
here.  This  article  discusses  in  detail  a  few  representative  (from  the  suite 
of  cores  collected)  box  and  piston  cores  recovered  from  upper  slope 
sediment  above  the  slump  block  and  from  the  slump  block  proper  (Figure 
2).  Figure  3  depicts  the  relative  positions  of  the  three  Ewing  piston  cores 
(A-C),  plotted  on  a  typical  3.5-kHz  profile  run  slightly  southwest  of  the 
core  transect  and  normal  to  the  continental  slope.  Core  A  was  collected 
above  the  slump  block  on  the  upper  slope,  and  cores  B  and  C  were 
collected  from  the  head  and  downslope  area  of  the  slump  block,  respec- 
tively. The  box  and  piston  cores  used  for  chemical  analyses  were  collected 
from  similar  locations  (Figure  2). 

Core  Handling  and  Analyses 

Immediately  following  shipboard  recovery,  the  piston  core  liners  were 
cut  into  1.4-m  sections,  sealed,  and  labeled.  Within  a  few  hours  after 
retrieval,  the  cores  were  radiographed  and  stored  vertically  in  a  refrigerator 
maintained  at  4'^C.  The  box  cores  were  placed  immediately  in  individually 
sealed  wooden  boxes  and  surrounded  with  seawater  to  prevent  desiccation 
of  the  sediment.  Unfortunately,  during  shipboard  storage  and  subsequent 
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transfer  to  the  shore-based  laboratory,  the  wooden  boxes  lost  considerable 
water,  resulting  in  the  slight  desiccation  of  the  sediment  box  cores.  Con- 
sequently, these  cores  were  useful  only  for  descriptive  purposes  and  for 
textural  analyses,  and  they  were  not  used  for  geotechnical  testing.  The 
box  cores,  however,  were  useful  in  indicating  significant  information  regard- 
ing sediment  type  and  structures,  as  discussed  later  in  this  article. 

Piston  cores  taken  for  chemical  analyses  (other  than  core  A,  which 
was  stored  under  refrigeration  for  several  months  prior  to  processing) 
were  subsampled  immediately  after  retrieval  on  board  ship,  and  the  sam- 
ples were  squeezed  to  expel  approximately  5  ml  interstitial  water.  These 
subsamples  were  handled  with  minimum  exposure  to  air  and  were  collected 
and  processed  in  less  than  45  min  after  core  recovery.  The  salinity  and 
pH  of  the  pore-water  samples  were  determined  without  delay,  and  a 
portion  of  this  sample  was  preserved  by  acidification  with  nitric  acid  and 
refrigerated.  The  preserved  pore-water  samples  were  analyzed  at  the 
shore-based  laboratory  for  sulfate  ion  content  and  for  iron,  manganese, 
calcium,  and  magnesium.  Sulfate  was  determined  gravimetrically,  and  the 
metal  ions  in  the  pore-water  samples  were  analyzed  by  atomic  absorption 
spectrophotometry. 

Hulbert  and  Brindle  (1975)  have  discussed  the  importance  of  expedi- 
tions subsampling  and  chemical  preparations  for  submarine  sediment  inter- 
stitial water  analyses.  Samples  for  sediment  chemistry  and  mineralogy  were 
prepared  following  closely  the  procedures  of  Jackson  (1956).  Carbonates, 
iron,  and  organics  were  removed  from  the  sediment  samples  prior  to 
carrying  out  X-ray  diffraction  analyses.  Approximately  8  g  (wet  weight) 
of  each  sediment  sample  was  sieved  without  prior  drying  to  remove  parti- 
cles larger  than  2000  fxm.  Carbonates  and  soluble  manganese  compounds 
were  extracted  with  pH  5  sodium  acetate  buffer  and  with  hydrogen  peroxide. 
The  carbonate  mineral  content  was  determined  by  weight  loss  on  treatment 
in  acidic  medium.  Iron  compounds  were  extracted  by  gentle  treatment  with 
sodium  dithionate-citrate  solution.  Manganese  was  determined  in  the  hydro- 
gen peroxide  extractate  from  a  dried  sample  weighing  approximately  0.5  g. 
The  iron  and  manganese  were  analyzed  using  an  atomic  absorption 
spectrophotometer. 

The  radiographs  of  the  cores  were  used  to  assess  any  disturbance  that 
may  have  occurred  during  coring  operations,  to  delineate  the  presence  or 
absence  of  sedimentary  structures,  and  to  describe  the  cores  initially, 
prior  to  laboratory  analysis.  Using  the  initial  core  descriptions,  a  general 
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sampling  pattern  was  established  for  geotechnical  testing  and  subsampling 
before  the  cores  were  opened.  This  procedure  permits  the  best  selection 
of  the  core  sections  and  intervals  for  geotechnical  analyses. 

Core  processing  was  accomplished  by  extruding  short  core  sections 
(10-20  cm)  and  by  performing  miniature  vane  shear  and  water  content 
(%  dry  weight,  uncorrected  for  salt  content)  tests.  Sediments  were  sheared 
with  a  1.27x2.54-cm  miniature  vane  at  a  rotation  rate  of  60°/min 
(1.7x10  -  rad/s).  Techniques  for  testing  cohesive  submarine  sediments 
are  described  by  Richards  (1961).  Wet  unit  weights  and  porosities  were 
determined  using  methods  described  by  Bennett  and  Lambert  (1971). 
Cores  were  subsampled  for  size  analyses,  average  grain  density,  Atterberg 
limits.  X-ray  diffraction  measurements,  and  microfossil  examination.  A 
detailed  written  description  was  made  combining  visual  and  radiographic 
techniques  followed  by  close-up  color  photography  of  the  total  core  lengths. 

Discussion  of  Sediments  and  Selected  Geotechnical  Properties 

Sediments 

Surficial  sediments  of  the  study  area  are  predominantly  silty  clay  and 
clayey  silts  rich  in  illite  with  lesser  quantities  of  feldspar,  chlorite,  kaolinite, 
quartz,  and  smectite  minerals.  A  few  types  of  heavy  minerals  are  also 
present  in  the  >  S-^^m  fraction  of  upslope  sediments  examined  by  X-ray 
diffraction.  Authigenic  pyrite  (X-ray  dense)  is  common  and  occurs  as 
burrow  replacements  and  globular  masses,  and  often  shows  up  in  radio- 
graphs as  "white"  flecks.  The  presence  of  calcium  carbonate  occurs  pre- 
dominantly in  the  form  of  calcareous  tests  scattered  throughout  the  muds. 
Similar  mineralogical  and  textural  characteristics  of  U.S.  continental  slope 
sediments  have  been  reported  by  Doyle  et  al.  (1975).  Texture  and  min- 
eralogy of  suspended  sediments  in  the  Wilmington  Canyon  area,  at  the 
shelf  break  and  on  the  slope,  have  been  discussed  by  Lyall  et  al.  (1971). 
These  workers  reported  a  downslope  transport  of  fines  and  a  predominance 
of  illite,  kaolinite,  and  chlorite  with  lesser  quantities  of  smectite  in  the 
clay-size  suspended  sediment  fractions. 

Upper  slope  cores,  above  the  slide,  consistently  have  several  centimeters 
of  topmost  sand  and  coarse  sandy  silts  overlying  the  muds.  These  topmost 
sandy  sediments  were  not  present  in  the  cores  recovered  downslope  on  the 
slide  proper.  The  quantity  of  sand  throughout  the  silty  clays  and  clayey 
silts  is  generally  much  less  than  10%  both  for  upper  slope  and  downslope 
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GEOTECHNICAL  PROPERTIES  SCALE 

10     20     30     40     50     60      70     80     90     100 


Figure  4.     Selected  geo- 
technical  properties  of 
representative  cores  from 
study  area. 


10     20     30    40     50     60     70     80     90    100 


^ 
■^^■^^I 


:^ 


s. 


COREB 


10  20  30  40 

50 

60  70  80  90  1( 

H> 

140 

' 

▼.^'  ~ "~ ' 

) 

',"■* 

COREC 


GEOTECHNiCAL  PROPERTIES 

WET  UNIT  WE:GHT(Mg/m') 

r-'"'"-  •«    %SILT  SHEAR  STRENGTH  (kPa) 

T^'i"'^SiA  %  SAND  WATER  CONTENT  (%  DRY  WEIGHT) 


D   %  CLAY 


792 


^■■' 


U.S.  CONTINENTAL  MARGIN  NORTHEAST  OF  WILMINGTON  CANYON      253 

sediments.  The  top  4-5  m  of  upper  slope  sediment  are  characterized  by  a 
slight  increase  in  silt  content  relative  to  clay  with  increasing  depth  below 
the  mudline.  In  contrast,  profiles  of  silt  and  clay  in  cores  associated  with 
the  slide  indicate  a  general  decrease  in  silt  and  increase  in  clay-size  particles 
with  increasing  core  depth  (Figure  4,  cores  A-C). 

Examination  of  sedimentary  structures  in  box  cores  and  piston  cores 
suggests  that  gravity-induced  sediment  failure  of  surficial  seafloor  deposits 
is  an  important  deformational  process  active  on  the  continental  slope 
northeast  of  Wilmington  Canyon.  Box  cores  1  and  2  (Figure  2)  taken 
on  the  upper  slope  above  the  slide  are  characterized  by  a  soft  dark  olive- 
gray  silty  clay  composed  of  10-12%  sand  and  88-90%  silt  and  clay 
overlaid  by  approximately  20  cm  of  brownish  silty  clay  sand  made  up  of 
approximately  38%  sand  and  the  remainder  silt  and  clay  (Figure  5). 
Large  "sand  balls"  or  clasts  within  the  underlying  silty  clays  appear  to 
}  be  composed  of  the  same  overlying  clastic  sediment  by  virtue  of  similar 
grain  size  and  contorted  bedding  (megascopic  observations  of  the  sedimen- 
tary structures)  and  indicate  downslope  creep  and  apparent  foundering 
of  the  upper  slope  surficial  sediments.  Numerous  fine-grained,  relatively 
stiff,  "clay  balls"  are  present  in  the  overlying  coarse-grained  material. 
These  "clay  balls"  are  probably  formed  as  a  result  of  erosion  of  clay  beds 
from  the  upper  slope  or  outer  continental  shelf.  Box  cores  3  and  4  taken 
downslope  within  the  slide  are  composed  entirely  of  silty  clay  containing 
less  than  5%   sand. 

The  apparent  load  structures  present  in  the  upper  slope  cores  represent 
unstable  conditions;  they  probably  develop  contemporaneously  with  slow 
creep  of  sediments  down  the  continental  slope.  The  upper  slope  coarse- 
grained sediments  and  underlying  muds  occur  on  slopes  (gradients)  aver- 
aging about  9°-14°  in  water  depths  less  than  950  m.  The  downslope  muds, 
having  a  conspicuous  absence  of  topmost  coarse  elastics,  occur  on  slopes 
(gradients)  averaging' 3 °-5°  in  water  depths  exceeding  950  m  in  this 
study  area. 

Mass  Physical  Properties 

Surficial  sediments  upslope  from  the  slump  block  are  characterized  by 
typical  variations  in  the  mass  physical  properties  with  core  depth.  Un- 
drained  shear  strength,  determined  with  a  miniature  vane  shear  apparatus, 
and  wet  unit  weight  (wet  bulk  density)  steadily  increase  with  depth  below 
the  mudline  commensurate  with  a  decrease  in  water  content  (Figure  4, 
core  A).  Richards  (1961,   1962)  and  Keller  and  Bennett  (1968,   1970) 
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Figure  5.     Sketch  of  box  core  sedimentary  structures  typical  of  upper  slope 
surficial  sediments. 
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have  discussed  typical  geotechnical  properties  of  submarine  sediments  and 
their  variation  with  core  depth.  In  contrast  to  the  upper  slope  sediments, 
surficial  sediments  downslope  overlying  the  slump  block  generally  have 
low  shear  strengths  and  relatively  high-mass  physical  properties  variability 
with  core  depth.  This  variability  is  demonstrated  particularly  well  in  the 
profiles  of  water  content,  wet  unit  weight,  and  texture  (Figure  4,  cores  B 
and  C).  Wet  unit  weight  is  considerably  less  sensitive  to  variations  in 
other  related  physical  properties  than  is  water  content  alone  (Bennett  and 
Lambert,  1971).  Wet  unit  weights  average  1.79,  1.61,  and  1.52  mg/m^ 
in  cores  A,  B,  and  C,  respectively,  reflecting  a  general  decrease  in  average 
value  in  the  downslope  direction.  This  agrees  with  the  overall  increase  in 
the  water  content  values  in  the  downslope  direction.  Profiles  of  the  mass 
physical  properties  clearly  show  that  sediment  grain  size  is  considerably 
more  variable  with  core  depth  in  sediments  recovered  from  the  slump 
proper  as  compared  to  the  textures  of  upper  slope  sediments  (Figure  4, 
cores  A-C). 

Numerous  Atterberg  limits  were  determined  on  cores  from  along  the 
entire  slope  transect.  Although  a  few  exceptions  occur,  the  plasticity  index 
(/„  <  20%  )  and  liquid  limit  (W,,  <  45%)  are  lowest  in  the  upper  slope 
sediment  samples,  and  these  properties  increase  significantly  in  the  down- 
slope  direction  (/p  =  54%  and  Wi  =  9\%).  These  data  generally  fall 
slightly  above  the  A  line  on  the  plasticity  chart  (Casagrande,  1932,  1948). 
On  the  basis  of  this  classification,  the  continental  slope  sediments  investi- 
gated during  this  study  are  inorganic  clays  ranging  from  relatively  low 
plasticity  to  high  plasticity  increasing  generally  in  the  downslope  direction. 
It  is  interesting  to  note  that  the  initial  evaluation  of  X-ray  diffraction  and 
grain-size  analyses  of  these  sediment  cores  indicates  an  apparent  subtle 
increase  in  the  presence  of  smectite  and  clay-sized  material  in  the  down- 
slope  direction. 

Preliminary  evaluation  of  the  cores  collected  in  the  submarine  slide  area 
has  demonstrated  significant  differences  not  only  in  the  magnitude  of  the 
upper  slope  as  compared  with  downslope  selected  geotechnical  properties, 
but  differences  in  their  variation  with  core  depth  as  well.  Further  detailed 
mass  physical  property  data  analyses  are  presently  being  carried  out  on 
a  suite  of  cores  collected  in  the  study  area. 

Chemical  Properties 

The  chemical  definition  of  the  limits  of  physically  disturbed  (slumped) 
material  and  the  determination  of  the  importance  of  potential  cementing 
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agents  were  the  specific  goals  of  the  chemical  analyses  and  studies  of  this 
research  project.  The  sulfate  ion  was  expected  to  be  a  particularly  suitable 
indicator  of  sediment  disturbance  after  deposition.  Sediments  deposited 
under  open  ocean  water  may  be  expected  to  have  approximatly  the  same 
sulfate  content  profile  with  increasing  depth  below  the  mudline  over  local 
areas  of  undisturbed  sediment.  Sulfate  ion  content  in  the  pore  water  of  the 
topmost  sediment  would  also  be  expected  to  be  approximately  the  same 
as  in  the  immediately  adjacent  overlying  seawater.  With  increasing  depth 
in  the  sediment,  the  sulfate  ion  content  of  the  pore  water  would  be 
expected  to  decrease  as  a  function  of  the  loss  of  sulfate  as  a  result  of  its 
use  by  the  microbial  population  in  metabolizing  organic  matter.  The  par- 
ticular shape  of  the  sulfate  concentration  profile  with  depth  of  burial 
would  vary  from  area  to  area  depending  on  the  particular  microbial  pop- 
ulation, the  rate  of  sedimentation,  the  quantity  of  organic  matter,  and 
other  less  significant  geochemical  characteristics.  But  these  factors  would 
not  be  expected  to  vary  significantly  within  a  local  area. 

The  sulfate  ion  profile  would  be  expected  to  become  relatively  complex 
in  sediments  that  had  undergone  disturbance.  Removal  of  overlying  sedi- 
ment would  lead  to  pore-water  sulfate  contents  abnormally  low  at  depth 
below  the  mudline  for  the  particular  locality.  Movement  of  sediment 
blocks  would  lead  to  juxtaposition  of  differing  sulfate  concentrations. 
Mixing  of  sediment  with  seawater  through  physical  or  biological  dis- 
turbance would  lead  to  the  incorporation  of  a  large  amount  of  sulfate 
relative  to  organic  carbon.  These  anomalies  of  the  sulfate-depth  profile 
would  be  expected  to  remain  detectable,  provided  that  a  ^significant  portion 
of  the  sulfate  ion  remains  in  the  pore  water. 

Cementing  agents  may  be  expected  to  strengthen  and  stabilize  the  open 
structure  of  surficial  fine-grained  submarine  sediments.  Important  aspects 
of  cementation  and  its  role  in  influencing  the  mass  physical  properties  of 
submarine  sediments  have  been  discussed  by  Nacci  et  al.  (1974).  Par- 
ticularly attractive  candidates  for  such  a  role  in  cementation  are  the  car- 
bonates and  the  hydrous  oxides  of  iron  and  manganese.  These  potential 
cementing  agents  were  studied  in  order  to  relate  characteristic  chemical 
properties  to  the  observed  variations  in  the  mass  physical  properties  of 
the  sediments  associated  with  the  submarine  slide. 

Cores  C-1,  C-2,  and  C-3  collected  from  the  Wilmington  Canyon  study 
area  and  examined  for  chemical  evidence  of  slumping  demonstrated  by 
analyses  of  the  pore  water,  showed  no  obvious  indication  of  sediment 
disturbance,  or  mass  movement.  Chemistry   (cores)   samples  above  the 
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Figure  6.     Sulfate  ion  content  versus  depth  in  cores  A,  C-l,  and  C-3. 

slump  block  (cores  C-2  and  A)  and  sampled  in  the  slump  block  proper 
(cores  C-l  and  C-3)  showed  no  significant  abnormalities  in  the  sulfate 
ion  content  with  depth  below  the  mudline  (Figure  2  core  locations).  Sulfate 
ion  content  in  the  upper  few  centimeters  was  typical  of  open  ocean  water; 
values  decreased  to  less  than  half  this  concentration  at  3  m  below  the 
mudline,  and  continued  the  decrease  to  very  low  sulfate  values  with  depth. 
In  general,  the  sulfate  ion  profiles  decreased  smoothly  with  depth  and 
were  atypical  of  what  would  be  expected  for  highly  disturbed  sediment 
(Figure  6).  One  exception  was  in  the  upper  30  cm  of  core  C-2,  in  which 
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Figure  7.     Sulfate  ion  content  versus  depth  in  core  C-2. 


the  siilfate  content  varied  markedly  over  small  intervals  (Figure  7).  This 
variation  in  the  sulfate  content  may  be  the  result  of  movement  in  the 
upper  few  centimeters  of  sediment.  The  calcium  content  decreases  from 
a  concentration  of  about  that  of  seawater  in  the  upper  few  centimeters  to 
one-fifth  this  value  at  10  m  and  is  in  accord  with  the  sulfate  in  all  cores. 
Hence,  calcium  is  not  as  suitable  an  indicator  for  disturbance  as  sulfate, 
as  the  relative  analytical  uncertainty  in  its  determination  is  greater. 

The  sediment  cores  contained  about  10%  carbonate  minerals  (by 
weight),  which  occurred  predominantly  in  the  form  of  calcareous  shells 
and  shell  fragments.  Preliminary  analyses  of  the  carbonates  and  complex 
solids  containing  iron  and  manganese  oxides  and  hydroxides  exhibited  no 
obvious  or  significant  relationships  with  the  mass  physical  properties  of  the 
sediment  cores  under  investigation. 
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Summary 

A  large  submarine  slide  (slump  block  with  a  sediment  volume  of  approx- 
imately 1 1  km"*)  has  been  delineated  in  bathymetric  and  seismic  reflection 
profiles  along  the  U.S.  Atlantic  continental  margin  northeast  of  Wilmington 
Canyon.  Unstable  surficial  fine-grained  sediment  appears  to  be  undergoing 
creep.  Sediments  are  predominantly  silty  clays  and  clayey  silts  rich  in 
illite  with  lesser  quantities  of  feldspar,  kaolinite,  chlorite,  quartz,  and 
smectite  with  calcareous  shells  and  shell  fragments  scattered  throughout 
the  muds. 

Gravity-induced  sediment  failure  has  been  identified  by  the  recognition 
of  sedimentary  structures  characteristic  of  past  and  present  deformational 
processes  on  the  continental  slope  northeast  of  Wilmington  Canyon.  The 
geological  processes  and  related  features  are  summarized  as  follows: 

1.  A  slide  (slump  block)  demonstrated  by  geophysical  techniques 
depicts  a  prominent  slip  circle,  large  slide  block,  contorted  and  trun- 
cated sedimentary  beds. 

2.  Surface  expressions  of  the  slide  are  clearly  shown  in  a  detailed  bathy- 
metric map  and  slope  map  compiled  for  the  area.  Within  the  study 
area,  slopes  range  from  less  than  5%  to  greater  than  100%. 

3.  Creep  and  apparent  foundering  of  surficial  sediment  are  indicated 
by  contorted  bedding  and  the  presence  of  "sand  balls"  within  the 
silty  clays  and  clayey  silts.  Load  structures  of  the  topmost  sands  and 
sandy  silts  overlying  the  muds  are  characteristic  of  box  cores  sampled 
in  the  sediment  above  the  slide.  Numerous  "clay  balls"  were  scattered 
throughout  the  topmost  sands  and  sandy  silts  in  cores  sampled  above 
the  slide.  The  apparent  load  structures  represent  unstable  conditions 
and  probably  develop  contemporaneously  with  slow  creep  of  sedi- 
ments down  the  continental  slope. 

Surficial  sediments  cored  upslope  from  the  slump  block  show  typical 
variations  in  the  mass  physical  properties  with  core  depth.  Shear  strength 
and  wet  unit  weight  show  a  steady  increase  with  depth  below  the  mudline 
commensurate  with  a  decrease  in  water  content.  In  contrast,  surficial  sedi- 
ments downslope  overlying  the  slump  block  generally  have  low  shear 
strengths  and  relatively  high  variability  in  other  mass  properties  with  core 
depth. 
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Chemical  evidence  of  slumping  is  not  apparent  in  the  pore  waters  col- 
lected from  the  upper  10  m  of  sediment.  No  evidence  was  found  to  indicate 
changes  in  the  mass  physical  properties  related  to  changes  in  the  carbonate 
mineral  content  or  to  the  content  of  hydrous  iron  or  manganese  oxides. 

Sediment  failure  in  the  form  of  a  major  submarine  slide  appears  to 
have  been  a  significant  deformational  process  during  the  geological  past 
(late  Pleistocene).  Creep  and  associated  deformational  features  recorded 
in  the  surficial  sediments  are  presumably  a  result  of  Recent  geological 
processes. 
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FET  pair  and  op  amp  Imearize 
voStage-controfled  resistor 

by  Thomas  L.  Clarke 

Atlantic  Oceanographic  and  Meteorological  Laboratory,  Miami.  Fla. 


A  matched  field-effect  transistor  pair  can  be  combined 
with  an  operational  amplifier  and  a  few  resistors  to  form 
a  circuit  in  which  one  fet's  drain-to-source  resistance 
(Rds)  bears  a  precisely  linear  relationship  to  a  control 
voltage  (VJ.  Though  a  single  fet  can  serve  as  a  voltage- 
controlled  resistor,  the  relationship  of  Rd,  to  the  gate-to- 
source  voltage  (Vgs)  is  nonlinear. 

The  basic  idea  in  this  circuit  is  to  control  Vg,  through 
a  feedback  loop  that  senses  if  the  amount  of  current 
flowing  through  the  fet,  and  hence  its  Rds,  is  of  the 
proper  value.  As  shown  in  Fig.  1,  this  is  accomplished  by 
deriving  a  signal  from  half  of  the  fet  and  applying  it  to  a 
"summing"  node  at  the  inverting  port  of  an  op  amp. 

The  output  of  the  op  amp  is  connected  to  the  gate  of 
the  fet,  thus  forming  a  closed  loop.  The  resulting  change 
in  Vc  causes  a  proportional  change  in  Rd,  because  the  op 
amp  is  a  linear  device,  and  because  input  voltages  arc 
compared  to  a  fixed  voltage  (V^.f)  at  the  noninveriing 
terminal.  Depending  on  the  configuration,  Rd,  can  be 
made  proportional  to  V,.  or  its  reciprocal. 

In  the  circuit  to  be  seen  at  the  left  of  Fig.  1,  Rj,  varies 
in  proportion  to  the  reciprocal  of  the  control  voltage,  as 


is  indicated  by  the  following  equation: 

Rd.  =  |V„,|R./(|V4-|V,,^) 

where  V„f  is  assumed  to  be  between  0  and  V,.  A  voltage 
divider  may  be  used  to  derive  V„f.  Moving  V„f  to  the 
drain  of  the  fet,  as  in  the  circuit  to  the  right,  the 
following  equation  holds: 

Rds  =  ^„.|Rc/lVJ 

where  V„f  should  be  a  well-regulated  source,  since  it 
may  have  to  supply  considerable  current.  These  equa- 
tions are  based  on  the  facts  thnt  V^  draws  current  from 
the  negative  input  of  the  op  amp  through  R^  and  that 
this  voltage  drop  results  in  current  flow  into  the  terminal 
by  the  fet.  The  application  of  KirchliofTs  law  then 
yields  the  above  relationships. 

As  shown  in  the  circuit  at  the  left  of  Fig.  2,  Rd,  may 
also  vary  in  direct  proportion  to  the  control  voltage. 
Therefore,  the  relationship  becomes; 


R(j 


Rc|V4/(v-|vj) 


where  V^  is  greater  than  —  Vp  but  less  than  0  v.  This 
circuit,  while  not  as  linear  as  those  of  Fig.  I,  can  be 
improved  significantly  by  replacing  R,  with  a  current 
source,  I,  as  shown  at  the  right  of  Fig.  2.  The  relation- 
ship then  simply  becomes: 

Rd.  =  IVJ/I 

The  circuits  are  built  with  Siliconix  285  dual  fet  chips 
and  LM324  op  amps.  Use  of  high-speed  op  amps  such  as 
the  LIV13I8  would  permit  more  rapid  variations  of  resis- 
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R^-Vc 


Ra  Vr 


1.  Voltage-controllod  r«ai«tance.  Unused 
half  of  FET  O,  can  function  as  voltage- 
controlled  resistor  in  external  circuits.  Re,  is 
inversely  proportional  to  control  voltage  in 
both  circuits.  V^  values  are  negative  for  n- 
channel  FETs,  positive  for  p-channel  FETs. 

2.  Direct  proportional  control.  R^,  varies 
linearly  with  V^  inboih  circuits.  If  V^  exceeds 
V,„  Of  breakdown  voltages  of  FET  in  either 
figure,  a  resistor  should  be  inserted  between 
output  of  operational  amplifier  and  gate  of 
FET  to  prevent  burnout. 


tance.  No  stability  problems  are  encountered  because 
the  PET  introduces  negligible  phase  shift  in  bandpass 
frequencies  of  the  op  amp.  Optimal  results  are  obtained. 


of  course,  with  FETs  formed  on  a  common  substrate,  and 
if  desired,  p-channel  devices  may  be  used  for  positive 
control  voltages.  D 
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ABSTRACT 

Dietz,  R.S.,  1977.  Plate  tectonics:  a  revolution  in  geology  and  geophysics.  In:  J.  Bonnin 
and  R.S.  Dietz  (editors),  Present  State  of  Plate  Tectonics.  Tectonophysics,  38  (1—2): 
1-6. 

This  symposium  concerns   The  Present  State  of  Plate  Tectonics.  By  any  measure,  plate 
tectonics  can  be  described  as  "alive  and  well"  and,  in  fact,  a  "healthy,  burgeoning  con- 
cept", although  only  eight  years  have  passed  since  (in  1967)  plate  tectonics  suddenly  won 
general  acceptance,  at  least  among  western  scientists,  as  the  proper  model  for  global  tec- 
tonics. This  concept  is,  of  course,  an  integration  of,  and  a  follow-on  to,  sea-floor  spread- 
ing, transform  faulting,  trench  subduction  and  continental  drift.  Although  some  criticism 
has  arisen,  this  revolution  in  geology  and  geophysics  has  provoked  remarkably  little 
cogent  dissent.  Of  late,  plate  tectonics  has  bridged  the  gap  from  basic  to  applied  science 
in  the  search  for  natural  resources;  e.g.  petroleum  accumulations  on  continental  margins, 
porphyry  copper  deposits  associated  with  subduction  zones,  base  metal  sulfides  asso- 
ciated with  pillow  lavas  at  fossil  rifts,  etc.  Perhaps  the  largest  gap  that  remains  is  in  a 
definitive  understanding  of  plate  driving  forces.  The  viability  of  plate  tectonics  is  empha- 
sized by  the  several  symposia  at  this  lUGG  meeting  which  concern,  either  directly  or 
peripherally,  plate  tectonics.  In  this  symposium,  we  have  asked  the  organizers  of  such 
symposia,  or  their  nominees,  to  present  a  synthesis  concerning  the  implications  of  their 
particular  specialty  for  plate  tectonics.  These  include  plate  tectonics  aspects  of  seis- 
mology, heat  flow,  plate  accretion  processes  at  ridges,  paleo-oceanography,  etc. 


INTRODUCTION 

These  remarks  were  prepared  as  an  introduction  to  the  symposium  orga- 
nized by  J.  Bonnin  and  myself  on  "The  Present  State  of  Plate  Tectonics" 
convened  in  Grenoble,  France,  on  5  September  1975  at  the  meeting  of  the 
International  Union  of  Geodesy  and  Geophysics.  I  suppose  that  it  is  signifi- 
cant to  note  that  we  did  not  propose  to  inquire  into  the  validity  of  this  new 
concept  but  simply  accepted  plate  tectonics  as  the  proper  geotectonic  model 
of  the  Eeirth.  There  have  been,  and  still  are,  some  critics  of  plate  tectonics, 
but  they  Jire  few  and  have  been  virtually  overwhelmed  by  wide  general 
acceptance  by  the  opinion  makers  or  "invisible  college"  within  our  scientific 
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discipline.  Undoubtedly  advocates  of  plate  tectonics,  in  their  enthusiasm, 
have  overapplied  this  new  paradigm.  Doubtless,  also,  in  view  of  remaining 
unanswered  aspects,  such  as  the  driving  mechanism  of  the  lithospheric  plates, 
plate  tectonics  has  yet  to  achieve  the  status  of  a  definitive  theory.  None- 
theless, this  new  integrated  view  of  global  tectonics  seems  destined  to 
remain,  while  still  evolving,  the  Rosetta  Stone  of  modem  geology. 

Ours  is  a  "topping  off"  or  summary  symposium.  About  eight  other  earlier 
symposia  within  this  lUGG  meeting  have  been  involved  either  wholly,  or  in 
part,  with  plate  tectonics.  We,  therefore,  regarded  it  appropriate  to  ask  the 
convenors  of  these  other  symposia,  or  their  nominees,  to  relate  in  a  summary 
manner  the  input  from  their  scientific  sub-discipline,  into  the  present  state 
of  this  revolutionary  concept.  Over  the  past  decade,  plate  tectonics  (and  its 
predecessors  —  sea- floor  spreading  and  continental  drift)  has  generated  a  vir- 
tual blizzard  of  papers.  Much  ink  has  been  spilled  with  associated  acrimoni- 
ous debate.  It  seems  now  appropriate  to  review  the  impact  of  plate  tectonics. 

PROJECT  FAMOUS 

There  is  naturally  an  intense  interest  in  plate  boundaries  as  these  are  the 
locus  of  major  tectonic  activity  on  Earth.  This  is  especially  true  for  the 
accreting  boundaries  which  are  marked  by  the  mid-ocean  ridges.  We  were 
fortunate  to  have  included  in  this  symposium  two  summary  papers  by  lead- 
ers of  both  the  American  t«am  (James  Heirtzler)  and  the  French  team 
(Xavier  Le  Pichon)  of  Project  FAMOUS  (French- American  Mid-Ocean 
Undersea  Study).  (However,  in  view  of  extensive  publication  of  these  results 
elsewhere  only  extended  summaries  are  included  among  the  papers  published 
here.)  Never  before  has  any  segment  of  the  mid-ocean  ridge  and  rift  been  so 
intensively  studied.  A  great  variety  of  geophysical  sensors  have  been  brought 
to  this  task  as  well  as  visual  observations  from  three  deep-sea  research  vehi- 
cles (DRV's).  Perhaps  never  before  have  DRV's  been  so  effectively  applied 
toward  the  solving  of  a  deep-sea  floor  problem.  In  the  past  such  vehicles  have 
captured  an  inordinate  share  of  the  publicity  of  oceanography  as  well  as 
much  of  the  funding  while  contributing  little  to  the  data  of  this  science.  On 
FAMOUS,  however,  they  amply  demonstrated  that  their  usefulness  has  come 
of  age.  While  the  mechanism  of  sea-floor  spreading  and  plate  accretion  at  the 
mid-ocean  rifts  is  firmly  established,  the  details  of  this  process  remain  elu- 
sive. The  FAMOUS  Project  has  done  much  to  clarify  this  process.  A  rather 
curious  result  is  that  dike  injection  presently  seems  to  be  somewhat  asym- 
metrical; however,  over  the  past  two  hundred  million  years  in  the  Atlantic 
Ocean  the  process  seems  to  have  averaged  out  as  symmetrical,  as  indicated 
by  the  median  position  of  the  rift.  This  curiosity  remains  to  be  resolved. 
Also,  while  the  rift  is  obviously  a  steady-state  feature,  the  nature  of  the 
faulting,  whether  normal  or  reversed,  or  a  combination  of  the  two,  remains 
unsettled.  In  this  symposium,  Harrison  and  Stieltjes  have  addressed  them- 
selves to  this  subject.  .<  , 
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A  NEW  PARADIGM 

Science,  does,  of  course,  advance  brick-by-brick  as  new  information  is 
added  to  the  pyramid  of  knowledge.  But  from  time  to  time  a  great  break- 
through occurs  when  an  entirely  new  concept  or  model  is  demonstrated  to 
be  true.  Such  a  new  concept  generates  a  revolution  —  i.e.  "  a  complete 
change,  a  turning  upside  down,  and  fundamental  reconstruction".  These 
revolutions  apparently  occur  by  the  replacement  of  one  general  conceptual 
view,  or  paradigm,  by  another.  Beginning  in  1967,  the  old  fixist  Earth  was 
supplanted  by  the  new  mobilistic  Earth.  In  these  early  years  plate  tectonics 
was  virtually  a  UK— USA  monopoly.  This  timing  is  true  for  the  USA 
although  the  revolution  may  have  been  won  a  bit  earlier  in  the  UK.  At  this 
point  in  time  the  revolution  is  more  or  less  complete  and  we  seem  to  be 
involved  in  mopping-up  operations. 

Plate  tectonics  has,  of  course,  not  been  without  its  critics.  Also,  there  have 
been  some  super-enthusiasts  who  would  describe  all  structures  on  Earth  as 
due  to  plate  tectonics  excepting  meteorite  craters  and  astroblemes.  More 
striking  is  the  dacrity  with  which  this  new  paradigm  has  been  almost  univer- 
sally accepted.  This  quick  acceptance  stands  in  marked  contrast,  for  exam- 
ple, to  Darwin's  theory  of  biologic  evolution  through  natural  selection. 
Perhaps  this  is  because  no  one's  ancestry  is  being  impuned,  but  more  likely  it 
is  the  result  of  the  vast  numbers  of  competent  scientists  at  work  today  and 
the  sharpness  of  our  modem  tools  of  research.  A  vast,  almost  overwhelming, 
number  of  publications  on  plate  tectonics  have  come  off  the  press  in  the  past 
decade. 

Although  plate  tectonics  offers  a  great  clarifying  principle,  in  some  v/ays  it 
increases  the  difficulty  of  finding  a  unique  solution  to  any  geotectonic  prob- 
lem because  it  adds  a  new  dimension  —  in  fact  a  fourth  dimension.  Formerly, 
fixistic  geology  was  concerned  with  up,  down  and  time,  but  now  we  must  add 
sideways.  For  example,  the  Bahama  Platform  since  its  birth,  presumably  in 
the  Triassic  has  undergone  a  remarkable  subsidence  of  about  6  km;  but  dur- 
ing the  same  interval  we  now  learn  that  it  has  drifted  probably  about  6,000 
km.  The  evidence  for  subsidence  is  derived,  of  course,  from  the  classical 
stratigraphy  of  layered  sedimentary  rocks,  but  the  quantitative  evidence  for 
drift  comes  from  the  new  stratigraphy  provided  by  the  magnetic-anomaly 
stripes. 

In  anthropomorphic  terms  it  has  been  pointed  out  that  North  America, 
for  example,  drifts  about  the  length  of  one's  body  in  a  lifetime  while  the 
more  rapidly  drifting  Pacific  Plate  drifts  nearly  as  fast  as  one  of  the  coconut 
palms  grows  on  one  of  the  atolls.  I  have  told  my  own  students  that  North 
America  is  drifting  or  rotating  generally  westward  at  the  rate  one's  fingernail 
grows,  which  is  0.10  mm/day.  This  would  amount  %o  3.65  cm/year  which  is 
perhaps  too  fast  relative  to  the  mid-ocean  rift  in  the  Atlantic  but  a  reason- 
able approximation  of  absolute  drift  with  respect  to  the  Earth's  fixed  (?) 
deep  mantle  if  the  clockwise  rotation  of  Eurasia  has  no  westward  compo- 
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nent.  Kevin  Burke,  however,  has  pointed  out  to  me  that  the  growth  of  one's 
toe  nails  provides  a  more  accurate  figure  as  their  rate  of  growth  is  only  one- 
half  that  of  a  fingernail  or  0.05  mm/day  (Edwards  and  Schott,  1937). 

A  CURIOUS  PROCESS 

We  may  wonder  why  earth  scientists  were  so  slow  in  discovering  the  plate- 
tectonic  Earth.  Two  reasons  seem  likely.  Firstly,  nearly  all  of  the  evidence 
was  hidden  beneath  the  ocean  floor  —  out  of  sight  and  beyond  knowing  until 
the  advent  of  marine  geology  and  geophysics  in  the  post  World  War  II  years. 
Nearly  all  plate  boundaries  are  hidden  beneath  the  sea  with  but  a  few  excep- 
tions. The  trenches,  where  subduction  occurs,  are  wholly  submarine 
although  one  can  possibly  regard  the  Himalayan  arc  in  this  light.  The  mid- 
ocean  ridge  is  exposed  only  at  Iceland  and  even  there  it  is  anomalous  being 
overprinted  by  a  "hot  spot"  —  an  ascending  magma  plume  from  beneath  the 
asthenosphere.  The  Afar  triangle  is  our  only  subaerial  triple  junction  —  now 
a  new  Mecca  for  plate  tectonicists.  Among  transform  faults  we  can  cite  only 
the  San  Andreas  of  California,  the  Alpine  Fault  of  New  Zealand,  plus  some 
segments  along  the  Alpine— Himalayan  collision  front.  These  few  examples 
only  serve  to  emphasize  that  nearly  all  of  the  evidence  for  this  new  Earth 
model  lies  beneath  the  waves.  We  can  now  understand  why  marine  geologists 
of  the  1950's  were  constantly  confronted  with  surprises  —  the  apparent 
youth  of  the  ocean  floor,  thinness  of  sedimentary  cover,  etc.  One  cannot  be 
surprised  unless  one  has  a  preconceived  model  —  and  a  preconceived  model 
or  paradigm  which  is  viTong! 

Secondly,  we  were  tardy  in  discovering  the  new  geotectonic  model 
because  the  Earth's  crust  behaves  in  such  a  curious  and  almost  unbelievable 
fashion.  Once  again  Earth  has  proven  to  be  unique  among  the  planets.  It  is 
certainly  much  easier  to  conceive  of  a  rigid  crust  like  that  of  the  Moon;  or  to 
understand  a  convecting  and  turbulent  surface  like  that  of  Jupiter  or  the  Sun 
itself.  But  to  accept  continuous  and  steady  shifting  of  crustal  plates  of  but  a 
few  centimeters  per  year  comes  close  to  defying  imagination. 

The  recent  major  earthquake  in  Guatemala  of  January  1976  emphasizes 
once  again  that  plate  boundaries  are  where  tectonic  action  occurs.  This 
quake  was  apparently  due,  according  to  early  reports,  to  abrupt  slippage 
along  the  Motaqua  fault  which  is  the  southern  splay  of  two  major  faults 
which  comprise  the  North  Caribbean  Shear  Zone  (a  transform  fault)  marking 
the  boundary  of  the  Caribbean  Plate  with  the  North  America  Plate. 
Although  mantle  ultrabasic  rocks  occur  sqeezed  up  into  this  fault  marking  it 
as  a  geosuture,  the  fault  apparently  has  been  inactive  for  at  least  two  cen- 
turies. The  strike-slip  offset  along  this  fault  occurred  in  the  left-lateral  sense 
indicating  a  relative  westward  drift  of  the  North  America  Plate  with  respect 
to  the  Caribbean  Plate.  This  is  in  accordance  with  plate-tectonic  expecta- 
tions. The  Polochic  fault,  the  northern  splay,  was  regarded  as  the  active 
plate-boundary  fault  which  warns  us  once  again  that  inactive  faults  may  only 
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be  "sleeping"  and,  if  no  creep  is  observed,  they  may  be  stick-slip  faults 
which  accumulate  strain  and  then  yield  by  abruptly. 

GLOBAL  PROCESS 

A  significant  aspect  of  plate  tectonics  is  that  our  center  of  interest  has 
shifted  from  local  phenomena  to  an  integrated  global  process.  The  wide- 
angle  view  is  emphasized  in  the  term  "new  global  tectonics".  It  follows,  from 
the  concept  of  rigid  hthospheric  caps  forming  an  earth-covering  mosaic,  that 
plate  boundaries  do  not  terminate.  Instead,  they  transform  from  one  type  of 
boundary  to  another,  and  continue  around  the  world  until  they  close  on 
their  own  tail.  In  his  attempt  to  understand  the  Earth,  the  plight  of  the 
geologist  was  akin  to  that  of  an  ant  attempting  to  understand  an  elephant  by 
crawling  around  its  skin.  With  plate  tectonics  we  now  believe  we  are  begin- 
ning to  understand  how  the  Earth  really  works. 

Among  Earth  phenomena  for  which  plate  tectonics  seems  to  offer  a  rea- 
sonable explemation  are  mountain  building,  volcanism,  the  geosynclinal  cycle 
(by  a  new  version),  and  the  origin  of  ocean  basins  and  continents,  and  the 
nature  of  the  continental  slopes  with  respect  to  subduction  zones,  transform 
faults  or  rift  scarps.  This  list  could  easily  be  greatly  extended  for  there  is 
virtually  no  aspect  of  regional  geology  which  has  not  been  revised  by  plate- 
tectonic  interpretations. 

THE  WILSON  CYCLE 

Any  succesful  revolution  is  followed  by  an  effort  to  identify  the  heroes. 
Such  searches  always  are  limited  to  the  generals,  although  it  is  well  known 
that  soldiers,  and  not  generals,  win  wars.  Many  persons  have  been  identified 
usually  on  the  basis  of  some  single  important  contribution.  Alfred  Wegener, 
with  his  espousal  of  continental  drift,  clearly  stands  alone  as  the  classic  hero 
in  this  revolution.  But  what  about  modem  heroes?  I  find  it  difficult  to  iden- 
tify any  single  person,  but,  if  forced  to  do  so,  I  would  name  J.  Tuzo  Wilson 
for  his  several  basic  contributions  to  plate  tectonics.  These  include  the  con- 
cept of  transform  faulting,  the  early  version  of  magmatic  plumes  and  the 
drift  of  oceanic  islands  over  a  relatively  fixed  mantle,  and,  most  importantly, 
the  concept  of  collapsing  and  re-opening  ocean  basins  —  the  grand  theme  of 
Earth  evolution,  Kevin  Burke  has  aptly  termed  this  the  Wilson  cycle. 

SOME  UNSOLVED  PROBLEMS 

Among  the  problems  which  need  further  detailed  study  according  to 
Gastil  (1975)  are  the  following: 

(1)  The  relationship  of  spreading-center  chemistry  to  island-arc  geochem- 
istry; e.g.  are  there  systematic  variations  in  rock  chemistry  related  to  spread- 
ing velocity? 


809 


(2)  The  relationship  of  sea-floor  sediments  to  island  arc  chemistry. 

(3)  The  relationship  of  metallogenic  provinces  to  spreading  and  subduc- 
tion;  e.g.  are  the  copper  porphyries  of  the  Andes  and  southwestern  USA 
related  to  magmas  arising  from  subduction  zones  and  were  these  originally 
emplaced  in  pillow  basalts  at  spreading  axes? 

(4)  Balancing  the  spreading— subduction  budget.  Magnetic  anomalies  indi- 
cate that  about  2.0  km^  of  new  ocean  floor  are  generated  annually,  but  can 
we  demonstrate  an  equal  amount  of  lithospheric  consumption  at  trenches? 

(5)  Plate  response  rates;  e.g.  what  was  the  global  effect  of  India  colliding 
with  Asia  and  did  this  cause  a  re-ordering  of  plate  motion  vectors? 

(6)  Passive  versus  directed  spreading;  e.g.  can  the  response  to  collision  be 
used  as  a  test  of  the  cause  of  spreading  and  the  driving  mechanisms  of  plate 
tectonics? 

CONCLUSION 

Kenneth  Deffeyes  of  Princeton  remarked  in  1973,  "Plate  tectonics  has 
caught  us  with  our  textbooks  down.  They  must  now  all  be  rewritten."  This 
updating,  in  fact,  is  now  rapidly  being  done  as  most  new  textbooks  include  a 
chapter  on  plate  tectonics  as  the  unifying  concept  of  earth  evolution. 
Although  we  now  have  this  new  Rosetta  Stone,  the  workings  of  the  Earth 
still  remain  far  from  being  fully  elucidated.  For  example,  we  believe  that  it 
is  now  feasible  to  predict  earthquakes,  but  we  remain  far  from  reaching  that 
goal.  We  hope  that  this  symposium  will  add  a  significant  increment  to  our 
growing  inverted  pyramid  of  knowledge,  of  which  the  pivotal  stone  is  the 
paradigm  of  plate  tectonics.  We  trust  it  will  not  crumble.  And  we  can 
observe  that  the  principal  corollary  of  plate  tectonics,  that  is  continental 
drift,  appears  in  a  few  short  years  to  have  bridged  the  gap  from  heresy  to 
orthodoxy. 
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THE  1973  BATHYMETRIC  SURVEY  IN  THE  NEW  YORK  BIGHT  APEX:  MAPS  AND  GEOLOGICAL 
IMPLICATIONS 


George  L.  Freeland 
George  F.  Merrill 

ABSTRACT 
A  hydrographic  survey  of  the  New  York  Bight  Apex  was  undertaken  by 
the  New  York  District  of  the  Corps  of  Engineers  under  contract  to  NOAA  as 
part  of  the  MESA  Program.  A  bathymetric  map  was  prepared  and  a  compari- 
son was  made  between  the  1973  data  and  hydrographic  data  from  the  most 
recent  previous  survey  of  the  area,  H-6190,  done  in  1936  by  the  U.S. 
Coast  and  Geodetic  Survey.  A  resulting  contoured  net  bathymetric  change 
map  shows  that  the  most  significant  change  has  occurred  in  the  dredge- 
spoil  dumpsite,  where  there  has  been  up  to  10  m  of  shoaling.  Calculations 
of  volumes  of  eroded  and  deposited  sediment  indicate  that  the  area  has 
generally  eroded  and  that,  except  at  the  dredge-spoil  dumpsite  and  the 
now  abandoned  dumpsites  near  Ambrose  and  Sandy  Hook  Channels,  dumping  is 
not  causing  significant  changes  in  water  depths. 

1.  INTRODUCTION 

The  disposal  of  solid  wastes  from  the  New  York-New  Jersey  metropolitan 
area  causes  considerable  environmental  concern,  as  large  volumes  of  these 
wastes  are  dumped  in  waters  outside  of  the  harbor  mouth  (Table  1  gives 
the  source  of  Bight  wastes).  Dredge  spoil  and  sewage  sludge  constitute 
89%  by  weight  of  the  solids  dumped;  their  disposition  is  an  important 

part  of  related  environmental  studies. 
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The  U.S.  Coast  and  Geodetic  Survey  (now  the  National  Ocean  Survey 
[NOS],  NOAA)  has  made  hydrographic  surveys  in  the  New  York  Bight  since 
1845.  The  last  C.&G.S.  survey  to  cover  the  Bight  Apex,  which  is  the 
area  inmediately  adjacent  to  the  harbor  mouth  where  dumping  is  most 
intense,  was  in  1936  (survey  H-6190).  In  1973  the  NOAA  Marine  EcoSystems 
Analysis  (MESA)  Program  initiated  research  to  determine  recent  effects  of 
dumping  in  the  New  York  Bight.  A  new  hydrographic  survey  of  the  Bight 
Apex  was  conducted  to  determine  what  changes  had  occurred  in  bottom 
topography  since  1936.  The  contract  for  the  survey  was  let  by  NOAA  to 
the  U.S.  Army  Corps  of  Engineers,  New  York  District.  In  turn,  the  New 
York  District  subcontracted  the  area  south  of  40°26'N  latitude  to  the 
Philadelphia  District  to  use  the  high-speed,  65-ft,  survey  catamaran 
Shuman   because  of  the  longer  distances  to  the  nearest  port  at  Atlantic 
Highlands,  New  Jersey.  Work  north  of  40°26'N  was  done  with  the  New 
York  District's  58-ft  survey  vessel  Hatton.     Changes  in  water  depths 
reported  in  this  study  were  calculated  from  the  1936  and  1973  surveys. 
Original  data  and  calculations  of  net  changes  have  been  converted  from 
English  to  metric  units.  Comparison  between  the  1845  and  1936  surveys 
(Williams  and  Duane,  1974)  revealed  the  development  of  several  knolls 
due  to  early  dumping. 

2.  THE  1973  SURVEY      ^— 

Location.  The  area  covered  by  the  survey  was  the  Bight  Apex  from 
40°18'N  latitude  northward  to  as  close  to  the  Long  Island  shoreline  as 
was  practical  (generally  from  the  5  to  7  m  isobath)  and  from  73°40'W 
longitude  westward  to  equivalent  New  Jersey  isobaths.  This  area 
included  all  of  the  Apex  dumps ites,  the  upper  part  of  the  Hudson 
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Shelf  Valley  and  its  northward  terminus  (the  Christiaensen  Basin),  the 
western  part  of  Cholera  Bank,  and  the  entrance  to  New  York  Harbor  between 
Rockaway  Beach  and  Sandy  Hook  (see  Fiq.  1).  The  Christiaensen  Basin  was 
defined  on  the  basis  of  topography  as  the  area  between  26  and  37  m  depths 
north  of  40°24'N.  The  Hudson  Shelf  Valley  area  lies  north  of  40°19.22'N 
at  depths  greater  than  37  m. 

Survey  Lines.  Survey  lines  were  laid  out  approximately  perpendicular  to 
the  average  shoreline  in  three  sub-areas  (Fig.  2).  Line  spacing  was  estab- 
lished at  305  m  (1000  ft)  as  a  compromise  between  the  desire  for  close  line 
spacing  and  the  time  and  cost  involved.  Soundings  were  taken  on  all  lines. 
On  alternate  lines,  at  610  m  (2000  ft)  spacing,  other  geophysical  data 
(side- scan  sonar  and  3.5  kHz  seismic  reflection  profiling)  were  taken. 
Lines  with  the  added  geophysical  data  were  run  first  in  each  sub-area, 
with  NOAA  personnel  and  geophysical  equipment  on  board.  Then  the  survey 
vessels  ran  soundings-only  lines  without  NOAA  assistance.  Field  work  was 
accomplished  from  June  19  to  September  1,  1973. 

Navigation.  Navigation  for  the  entire  area  was  provided  by  the  New 
York  District  using  a  Cubic  Autotape  DM40A  system,  accurate  to  +  0.5  m  at 
5  km  range  and  +  1.0  m  at  maximum  range  of  50  km.  Shore  stations  were  set 
up  at  an  old  lighthouse  at  Highlands,  New  Jersey,  and  atop  a  17-story 
apartment  house  at  Far  Rockaway  Beach,  New  York,  for  most  of  the  southern 
area.  The  Highlands  station  was  moved  to  an  abandoned  lighthouse  on 
Sandy  Hook  for  middle  and  northeastern  lines.  For  northwestern  lines, 
stations  were  established  at  Ft.  Tilden  on  Rockaway  Beach,  and  at  the 
Sandy  Hook  lighthouse. 

Both  survey  vessels  were  equipped  with  fathometer,  timer,  and 

readout  of  the  two  navigation  ranges.  Data  from  all  three  were  recorded 

on  magnetic  tape  every  10  sec  and  printed  on  paper  tape  every  minute. 
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Positions  were  plotted  every  minute  on  boat  sheets  (1:20,000  scale) 
provided  by  the  New  York  District.  The  fathometer  on  the  Hatton 
printed  a  paper  record  in  addition  to  the  magnetic  tape  recordings. 
Bar  checks  for  fathometer  accuracy  were  made  at  the  beginning  and  end 
of  each  day's  work. 

Vessel  speeds  were  about  9  km/hr  (5  kn)  during  the  running  of  geo- 
physical tracklines.  Soundings-only  tracklines  were  run  at  about  22  km/hr 
(12  kn)  on  the  .'Jhuman   and  11  km/hr  (6  kn)  on  the  Hatton. 

Data  Processing.  A  total  of  2438  km  (1317  nmi )  of  soundings  trackline 
were  run,  including  three  tie  lines,  of  which  1043  km  (563  nmi)  were  run 
to  take  the  added  geophysical  data.  Soundings  and  navigation  data  taken 
by  the  shwnan   were  computer  processed  by  the  Philadelphia  District  using 
tidal  corrections  from  the  Sandy  Hook  tide  gage  station.  The  final  products 
were  computer-printed  boat  sheets  at  1:20,000  scale  with  soundings  to 
the  nearest  0.03  m  (0.1  ft  )  printed  at  101-m  (333-ft  )  intervals  along 
tracklines. 

Paper  fathometer  records  from  the  Hatton  viere   processed  by  drawing  an 
average  depth  line  through  wave  tracings  on  the  record  and  plotting  the  tidal 
corrections  from  the  Sandy  Hook  station.  Corrected  depths  were  then 
hand  plotted  at  the  same  accuracy  and  spacing  as  the  Shwnan   data  on  boat 
sheets  (1:20,000  scale), which  were  checked  for  positional  accuracy 
against  the  original  plotting  sheets. 

Six  boat  sheets,  which  summarized  the  data  for  the  entire  survey, 
were  delivered  to  NOAA.  Copies  of  each  sheet  were  contoured  at  1-m  and 
1/2- fathom  intervals,  reduced  to  a  scale  of  1:40,000  and  then  spliced  to 
assemble  the  complete  map.  Maps  were  further  reduced  to  page-size  for    -- 

publication. 
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3.  NET  BATHYMETRIC  CHANGE 

The  primary  objective  of  the  1973  survey  was  to  calculate  the  changes 
in  bottom  topography  in  the  Bight  Apex  for  geological  studies  of  the 
nature  of  sediment  transport. 

Map  Construction  and  Contouring.  Examination  of  the  boat  sheets  from 
survey  H-6190  (1936)  revealed  trackline  spacing  of  approximately 
900  m  (3038  ft)  compared  with  305  m  (1000  ft)  spacing  for  the  1973 
survey;  trackline  directions  between  the  two  also  diverged.  In  order 
to  compare  surveys,  boat  sheets  from  both  surveys  were  contoured  by 
NOAA  at  0.9  m  (3  ft)  intervals  at  a  common  scale  of  1:20,000.  Boat 
sheets  and  contour  maps  were  then  sent  to  the  Marine  Sciences  Insti- 
tute, University  of  Connecticut,  where  net  change  values  were  calculated. 
Hydrographic  profiles  of  the  1936  data  were  constructed  for  lines 
that  coincided  with  tracklines  of  the  1973  survey.  Depths  along 
these  profiles  were  determined  by  linear  interpolation  at  e\'^ry 
fourth  1973  posted  depth  {eyery   305  m  [1000  ft]).  The  1936  inter- 
polated depth  was  then  subtracted  from  the  1973  depth.  The  differences 
(net  change  values)  were  checked  for  sign  and  magnitude  consistency 
by  plotting  them  as  profiles  and  were  then  plotted  on  a  map  at  a  scale 
of  1:40,000.  After  correction  for  a  sea  level  rise  of  0.189  m  (0.62  ft) 
calculated  from  NOS  mean  monthly  sea  levels  at  Sandy  Hook,  New  Jersey, 
values  were  then  contoured  at  0.6-m  (2- ft)  intervals  from  0  to  1.83  m 
(6  ft)  and  at  1.52-m  (5-ft)  intervals  for  values  higher  than  3.05  m 
(10  ft)  for  both  deposition  and  erosion.  However,  isopleths  of  1.83  m 
for  deposition  and  0.6  m  for  erosion  were  used  for  the  maps  reduced 
to  page  size. 
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Determination  of  Areas  of  Deposition  and  Erosion.  Five  sub-areas  were 
defined  on  the  basis  of  anthropogenic  net  bottom  change  and  natural  topography 
(Table  2):  1)  the  Ambrose  and  Sandy  Hook  Channels  area  to  the  northwest 
of  a  zero  deposition  contour  enclosing  the  peninsula-shaped  area  of  mapped 
data  (Fig.  3).  Up  to  14  m  (45  ft)  of  bottom  sediment  "erosion"  is  due  to 
dredging  of  navigation  channels  and  for  construction  sand;  lesser  amounts 
of  deposition  are  from  spoil  dumping;  2)  the  dredge-spoil  dumpsite  (also 
referred  to  as  the  mud  dump),  within  a  surrounding  zero-deposition  contour 
but  excluding  the  cellar-dirt  dumpsite  and  a  contiguous  area  of  0-1.8  m 
deposition  to  the  northeast.  Up  to  10  m  (34  ft)  of  deposition  was  mapped; 
3)  the  cellar-dirt  dumpsite,  within  a  zero-deposition  contour  to  the 
southeast  of  the  dredge-spoil  dumpsite;  4)  the  Christiaensen  Basin;  and 
5)  the  Hudson  Shelf  Valley. 

Volume  Calculations.  Volumes  of  erosion  and  deposition  were  calcu- 
lated by  repetitive  measuring  of  the  areas  within  all  contours  by  planimeter 
and  multiplying  the  mean  by  the  appropriate  contour  interval.  Volumes  for 
sediment  in  the  slope  between  contours  were  calculated  and  added. 

The  net  change  map  (Fig.  3)  consists  of  enclosed  contours  for 
deposition  greater  than  0  m  net  change,  and  for  erosion  greater  than  0.6  m. 
The  volume  of  material  eroded  between  the  0  and  0.6-m  erosion  isopleths 
was  calculated  by  adding  the  areas  inside  the  0  deposition  contours 
to  the  areas  inside  the  over-O.e-m  erosion  contours,  then  subtracting 
that  sum  from  the  total  area  considered.  This  was  done  for  each       .-   r 
of  the  five  sub-areas  mentioned  above  and  for  the  remainder  of  the 
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Apex  outside  the  sub-areas.  The  data  thus  obtained  were  multiplied  by 
0.204  m  (0o67  ft)  (the  average  depth  of  erosion  after  sea-level  correction) 
between  the  0-  and  0.6-m  erosional  contours  to  obtain  the  volume  of 
sediment  eroded  in  this  interval.  This  figure  was  then  added  to  data 
from  erosion  contours  greater  than  0.6  m  to  obtain  total  volume  of 
erosion  for  each  area. 

Areas,  volumes  of  erosion  and  deposition,  and  net  changes  for  Bight 
Apex  features  are  listed  in  Table  2, 

Sources  of  Error,  Accuracy  of  the  net  change  map  is  dependent  upon 
the  accuracy  of  the  two  surveys,  the  net  change  calculations,  the  con- 
touring of  these  values,  and  the  area  and  volume  calculations.  Of  these, 
the  accuracy  of  the  1936  survey  is  probably  the  greatest  source  of  error. 
On  relatively  even  bottoms  or  in  critical  depths  less  than  20  m  (66  ft), 
soundings  were  accurate  to  0.15  m  (0.5  ft),  and  to  within  1%  of  greater 
depths  (Adams,  1942).  In  rapidly  changing  depths  and  over  irregular 
bottoms,  errors  could  be  twice  the  above  limits-  The  Corps  of  Engineers 
estimated  that  the  accuracy  of  the  1973  soundings  was  0.03  m  (0.1  ft).  The 
soundings  picked  for  each  survey  for  net  change  calculations  were  esti- 
mated to  have  an  accuracy  of  0.06  m  (0.2  ft).  If  the  errors  are 


assumed  to  be  random,  and  the  total  error  E  =  ve^  +  e^  +  e^  +  e^     , 

where  ep  e^,  e^,  and  e^  are  the  mapped-soundings  and  net-change-soundings 

errors  mentioned  above,  the  net  change  error  is  +  0.18  m  (0.58  ft). 

4.  DISCUSSION 

4.1  Anthropogenic  Sediments 

Sediments  are  introduced  into  the  Bight  Apex  almost  entirely  in  the 
form  of  fine-grained  sand  (0.25-0.0625  mm)  and  mud-sized  (less  than 
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0.0625  mm)  particles.  Dredge  spoil  is  the  greatest  source  of  solids 
brought  in  by  man  (see  Table  1).  Estimates  of  the  total  amount  of 

dredgings  from  1936  to  1973  using  Corps  of  Engineers  data  (records  are 

6  3 
questionable  for  years  prior  to  1954)  indicate  that  about  142  x  10  m 

(186  X  10  yd  )  of  material  was  dumped.  Our  calculations  of  net  bottom 
change  indicate  that  124  x  10  m  (162  x  10  yd  )  has  accumulated  on  the 
bottom  at  the  dredge-spoil  dumpsite  and  at  the  dumping  areas  near 
Ambrose  and  Sandy  Hook  Channels  (Table  2).  This  indicates  that  approxi- 
mately 87%  of  the  dredge  spoil  dumped  is  still  in  place  on  the  bottom. 
Detailed  mapping  of  the  dredge-spoil  dumpsite  shows  that  shoaling  of 
up  to  10.4  m  (34  ft)  has  occurred  over  an  area  of  36  km  (10.4  nmi^) 
south  of  a  knoll  which  was  formed  by  earlier  dumping  (see  Figs.  4-6). 

Sewage  sludge,  on  the  other  hand,  is  a  much  smaller  source  of  Bight 
sediment  by  weight:  it  contains  an  average  of  2.6%  solids,  has  a  mean 
bulk  density  of  1.0090  (less  than  that  of  sea  water,  1.019-1.025; 
Callaway  et  al.,  1976)  and  contains  80%  to  100%  organic  matter  (Hatcher, 
1977).  Mean  particle  sizes  vary  from  0.025  mm  to  0.065  mm,  but  due  to 
flocculation  and  low  particle  densities  (a  mean  of  1.50  g/cc  dry),  settling 
velocities  vary  from  0.5  cm/s  (equivalent  to  0.074  mm,  very  fine  sand) 
to  less  than  0.001  cm/s  (equivalent  to  clay  particles  less  than  0.004  mm; 
Callaway  et  al.,  1976).  Larger  particles  settle  to  the  bottom  (24  m  at 
the  dumpsite)  in  about  5  min,  but  many  particles  often  remain  in  the 
water  column  after  4  h  (Proni  et  al.,  1976).  Spreading  the  entire 

annual  volume  of  sludge  (3.3  x  10  m"';  see  Table  1)  over  the  area  of  the 

2 
Christiaensen  Basin  and  the  upper  Hudson  Shelf  Valley  (106  km  )  would 

result  in  a  layer  3  cm  thick  (sediment  was  assumed  to  have  compacted  to  a 
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bulk  density  of  1.052  at  which  water  content  would  be  600%  and  dry  grain 
density  1.50;  from  Bennett  et  a1.,  1971).  If  the  total  volume  of  sludge 
dumped  since  1924  (approx.  107  x  10  m  ;  Mueller  et  al.,  1976)  accumu- 
lated in  these  areas,  the  layer  would  be  1  m  thick.  Since  currents 
carry  some  of  the  suspended  matter  out  of  the  Christiaensen  Basin  and 
Hudson  Shelf  Valley  areas,  and  since  storms  resuspend,  mix,  and  disperse 
natural  and  anthropogenic  particles  already  on  the  bottom,  it  is  not 
surprising  that  sludge  cannot  be  found  on  the  bottom  as  a  discrete  layer. 
At  present  it  is  possible  to  distinguish  sludge-derived  material 
from  natural  organic  mud  only  by  the  interpretation  of  a  number 
of  complex  organic  chemical  analyses  now  ongoing  (Harvey,  1977). 

While  sludge  is  being  mixed  with  natural  muds  in  the  topographically  low 
areas,  there  is  a  close  balance  of  deposition  versus  erosion  during  the 
37  years  prior  to  1973  (see  below). 

Cellar  dirt,  the  third  anthropogenic  sediment,  consists  of  construc- 
tion rubble  from  demolition,  foundation  rock  and  dirt,  and  slag.  Brick, 
metamorphic  rocks,  and  red  sandstone  are  commonly  recovered  in  grab 
samples.  Cellar  dirt,  although  making  a  recognizable  spoil  mound,  is 
not  considered  an  important  input  because  of  its  comparatively  low 
volume. 

4.2  Natural  Sediments 

Natural  sediment  input  from  land  sources  comes  mainly  from  stream 
runoff  (mostly  from  the  Hudson  River  drainage  basin)  and  urban  runoff 
(mostly  from  the  New  York  metropolitan  area;  Table  1).  These  sources 
are  relatively  easy  to  measure  compared  with  sediment  transported  from 
other  areas  of  the  shelf.  Various  estimates  of  sediment  transport  indi- 
cate that,  for  the  continental  margin  of  the  eastern  U.S.,  three  con- 
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elusions  can  be  reached:  1)  90%  of  the  sediment  from  land  sources  is 
deposited  in  estuaries  and  wetlands;  2)  net  suspended  fine  sediment 
transport  on  the  shelf  is  probably  landward,  with  possibly  much  of  the 
material  finally  settling  in  estuaries;  and  3)  recycling  (resuspension 
and  settling)  of  sediment  on  the  shelf  may  transport  amounts  of  sediment 
that  are  greater  by  orders  of  magnitude  than  either  enter  or  leave  the 
shelf  (Meade  et  al.,  1975;  Milliman  et  al.,  1972). 

From  our  net  change  map  (Fig.  3),  volumes  of  natural  sediment 
deposited  and  eroded  in  the  Bight  Apex  over  the  37  year  period  between 
surveys  have  been  calculated  (Table  2).  After  the  anthropogenic  material 
in  the  Ambrose-Sandy  Hook  Channels  area  and  the  dredge  spoil  and  cellar 
dirt  dumpsites  are  subtracted,  the  volume  of  material  eroded  exceeds 
deposition  by  79  x  10^  m^  (103  x  10^  yd^),  equivalent  to  a  layer  13.5  cm 
(5.3  in)  thick  over  the  non-anthropogenic  areas.  This  is  an  average  of 

3.6  mm  (0.14  in)  per  year.  It  is  also  less  than  the  calculated  error 

fi  3 
estimate  of  +  18  cm  for  the  net  change  map,  representing  106  x  10  m 

(138  X  10  yd  )  over  the  non-anthropogenic  areas.  Therefore,  within  the 

error  estimate,  the  net  change  could  be  from  185  x  10  m  (242  x  10  yd  ) 

6  3 
of  erosion  (31  cm  or  12  in)  over  the  non-anthropogenic  areas  to  27  x  10  m 

(35  X  10  yd  )  of  deposition  (4.5  cm  or  1.8  in)  over  the  non-anthropogenic 

areas  for  the  37  years.  Thus  the  system  appears  to  be  nearly  in  balance, 

requiring  periodic  removal  of  bottom  sediment.  From  other  ongoing  studies, 

this  erosion  apparently  occurs  primarily  during  storms  that  occur  most 

frequently  in  winter  months.  .   ;,; 
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TABLE  1 

Source  of  Solids  Transported  Annually  into  Marine  Waters 
of  the  New  York  Bight 


SOURCE 

VOLUME 

WEIGHT 

10^  m 

3    ^  °^ 
barged 

10  metric  tons 

%  of 
barged 

%   of 
total  input 

Dredge  spoil 

8.8 

53 

4.7 

85.3 

53.4 

Sewage  sludge 

4.3 

26 

0.165 

3 

1.9 

Cellar  dirt 

0.5 

3 

0.6 

10.9 

6.8 

Acid  waste 

2.5 

15 

0.04 

0.73 

0.5 

Chemical  waste 

0.5 

3 

0.003 

0.05 

0.03 

Total  barged 

16.6 

100 

5.51 

100.00 

62.6 

Atmospheric  fallout 

0.427 

4.8 

Wastewater* 
Municipal 

0.35 

4.0 

Industrial 

0.02 

0.2 

Runoff* 
Gaged 

1.4 

15.9 

Urban 

1.1 

12.5 

Total  input 

8.81 

100.00 

From  Mueller  et  al.  (1976) 

*98%  of  these  coastal  zone  inputs  come  through  the  Roc kaway- Sandy  Hook 
transect.  Figures  do  not  include  shelf-derived  sediment  from  outside 
the  Bight. 
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TABLE  2 

Volumes  of  Erosion  and  Deposition  in  the  New  York  Bight  Apex 

Between  1936  and  1973 


Area 
(km2) 

Volume 
(10^  m^) 

'  :•'■■.■ 

Erosion (E) 

Deposition(D) 

Net  Change 

1. 

Entire  Apex 

718 

161 

162 

1  D 

2. 
3. 
4. 

Dredge  Spoil  Dumps ite 

Cellar  Dirt  Dumpsite 

Ambrose  and  Sandy  Hook 
Channel  Areas 

36 
9 

86 

49 

93 
5 

31 

93  D 
5  D 

18  E 

5. 

Total  Anthropogenic  (2-4) 

131 

49 

129 

80  0 

6. 
7. 
8. 

Christiaensen  Basin^ 
Hudson  Shelf  Valley^ 
Other  Non-Anthropogenic 

83 

23 

397 

84 

13 
10 
89 

6 
2 

25 

7  E 

8  E 

•64  E 

9. 

....   .   .n  .        _ 1 

Total  Non-Anthropogenic(6-8)  587 
Total  Erosion           477 
Total  Deposition        110 

112 

33 

79  E^ 

Mrea  between  26  and  37  m  depths  north  of  40**24'N. 
^Area  deeper  than  37  m  north  of  40°19.22'N. 
^Equal  to  a  layer  13.5  cm  thick  (3.6  mm/yr). 
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Figure  1.  1973  bathymetric  map  of  the  New  York  Bight  Apex,  from  the 
NOAA-Corps  of  Engineers  survey.  Contour  intervals  are   1  m. 
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Figure  2.  Tracklines  of  the  1973  bathymetric  survey.  Light  lines  show 

track! ines  for  bathymetry  only.  On  heavy  lines  both  bathymetric 
and  geophysical  data  were  collected.  A:  Ambrose  Light  Tower; 
SS:  Sewage-sludge  dumps ite;  DS:  Dredge-spoil  dumpsite; 
CD:  Cellar-dirt  dumpsite. 
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Figure  3.  Net  bathymetric  change.  New  York  Bight  Apex,  from  1936  to  1973. 
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Figure  4.  New  York  Bight  dredge-spoil  dumpsite.  1936  bathymetry.  Line 
marked  198°T  and  hachured  area  show  the  dumpsite  designated 
prior  to  1977  based  on  1936  soundings  to  lie  within  the 
27.4-m  (90-ft)  isobath. 
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Figure  5.   New  York  Bight  dredge -spoil  dumpsite,  1973  bathymetry.  The 

rectangular  area  to  the  southeast  of  the  mound  is  the  dumpsite 
.  •;>  :  -  .  designated  by  the  Environmental  Protection  Agency  starting 
January  1977. 
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Figure  6. 


New  York  Bight  dredge-spoil  dumpsite.  Net  change  in  depth 
from  1936  to  1973.  Note  that  the  14.3-m  {47-ft)  knoll  in 
the  1936  map  is  essentially  unchanged  and  that  a  large  volume 
of  material  has  been  dumped  north  and  east  of  the  dumpsite 
designated  from  the  1936  map  (hachured  area).  The  rectan- 
gular area  is  the  same  as  shown  on  Figure  5. 
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Abstract 

In  the  New  York  Bight  apex,  extensive  sedinientological  studies  and  a  1973  bathymetric 
survey  reveal  tliat  the  only  significant  change  in  bottom  topography  since  1936  occurred 
at  the  dredge  spoil  dumpsite  where  the  dumping  of  98  X  10"  nv^  of  dredged  material  has 
caused  up  to  10  m  of  shoaling.  The  center  of  the  Christiaensen  Basin,  a  natural  collecting 
area  for  fine-grained  sediment,  is  no  doubt  contaminated  with  sludge  but  shows  no  apparent 
sediment  buildup  during  the  intervening  37  years.  The  apex  outside  of  the  Christiaensen 
Basin  is  floored  primarily  by  sand  ranging  from  silty  fine  to  coarse,  with  small  areas  of 
sandy  gravel,  artifact  (anthropogenic)  gravel,  and  mud.  Nearshore  mud  patches  appear  to 
be  covered  at  times  with  sand  and  occasionally  scoured  out.  Sidescan  sonar  records  show 
linear  bedforms,  indicative  of  sand  movement,  over  most  of  the  apex  area. 

Two  midshelf  areas  have  been  proposed  as  interim  alternative  dumping  areas.  The 
northern  area  is  in  a  tributary  valley  of  the  ancestral  Long  Island  ri\er  system.  Fine  sands 
cover  the  northeast  part  and  medium  sands  predominate  to  the  west  and  south.  Bottom 
photographs  show  a  smooth,  slightly  undulatory,  mounded  or  rippled  sea  floor. 

In  the  southern  alternative  clumping  area  coarse  sand  and  gravel  deposits  lie  on  the  crest 
and  east  flank  of  the  Hudson  divide,  while  medium  and  fine  sand  occurs  in  the  ridge  and 
swale  topography  to  the  west.  These  distributions  suggest  fine  sediment  is  winnowed  from 
the  crest  and  east  flank  of  the  divide  and  deposited  to  tlie  west.  Veatch  and  Smith  Trough 
contains  a  veneer  of  shelly,  pebble  sand  with  large,  angular  clay  pebbles  and  occasional 
oyster  shells  derived  from  exposed  early  Holocene  lagoonal  clay.  These  studies  suggest  that 
if  sewage  sludge  were  dumped,  widespread  dispersion,  mostly  to  the  southwest,  could  be 
expected,  with  winter  resuspension  and  transport  of  fine  material  on  the  bottom.  Possible 
permanent  buildup  on  the  bottom  could  be  expected  if  dredged  material  were   dumped. 

The  nature  of  bottom  sediments  and  .sed-  maps  at  l-tathom  (Stearns  and  Garrison 
iment  particles  suspended  in  the  water  col-  1967)  and  4-m  intervals  on  the  shelf  and 
umn  becomes  of  interest  to  environmental  200-m  intervals  on  the  continental  s'ope 
managers  when  man's  activities  in  the  ocean  (Fig.  1;  Uchupi  1970)  were  made  from 
disturb  the  sea  floor  or  the  near-bottom  1936  survey  data.  A  new  survey  of  the  bight 
water  column.  In  addition  to  the  immediate  was  made  in  1975;  results  should  be  avail- 
results,  one  must  also  consider  the  effect  on  able  in  1977. 

long    term    natural    phenomena.    How    are  Surficial   morphology   of   the   New   York 

these  processes  affected  by  what  man  has  Bight,  and  sediment  distribution  across  this 

done,  or  perhaps  more  importantly,  how  do  surface,  may  be  explained  by  sea  level  fluc- 

natmal    processes    modify    what   man    has  tuations   caused   by   continental   glaciation 

done  to  disturb  the  natural  environment?  during  the  past  several  million  years.  The 

Here  we  report  work  done  at  the  Atlantic  last  glacial  stage  ended   15,000  years  ago 

Oceanographic  and  Meteorological  Labora-  (Milliman    and    Emery    1968)     when    the 

tory  as  part  of  the  NOAA-MESA  New  York  eastern  North  American  ice  sheet  extended 

Bight  Project.  as  far  as  Long  Island  and  northern   New 

Hydrographic  surveys  of  the  New  York  Jersey.    During   maximum   glacial   advance 

Bight  were  initiated  in  1936  by  the  Coast  sea  level  was  lowered  about  160  m  ( \'eatch 

and   Geodetic  Survey    (now   the   National  and  Smith  1939)  so  that  the  shoreline  of  the 

Ocean  Survey)  in  nearshore  areas  and  have  bight  was  in  the  vicinity  of  Hudson  Ganyon 

been    repeated    periodically.    Bathymetric  (.vec  Ft^.  i).  Since  the  ice  melted,  the  shore- 

AM.   see.   LIMNOL.   OCEANOGR.  QQ  SPEC.   SYMP.   2 
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Fig.  1.  Index  to  detailed  study  areas  and  topo- 
graphic features  in  the  New  York  Bight.  (Bathym- 
etry from  Uchupi  1970.)  Contour  intervals  4  and 
200  m  lA — New  Jersey  nearshorc  ridge  and  swale 
study  area  and  the  Atlantic  generating  station  site; 
IB —New  Jersey  central  shelf  ridge  and  swale  study 
area;  LINS — Long  Island  nearshorc  study  area; 
SCO  A— Suffolk  County  outfall  area;  2D1,  2D2— 
proposed  interim  alternative  dumpsites. 


line  advanced  to  its  present  position;  many 
features  of  the  shelf  are  the  result  of  sev- 
eral sea  level  fluctuations.  Morphologic  fea- 
tures are  discussed  in  cur  companion  paper 
in  this  volume  (Swift  et  al.  1976)  and  else- 
where (e.g.  McKinney  and  Friedman  1970; 
McKinney  et  al.  1974;  Stubblefield  et  al. 
1974,  1975;  Knott  and  Hoskins  1968;  Duane 
etal.  1972;  Williams  1976). 

Surficial  sediments 

A  comprehensive  sampling  program  for 
the  outer  shelf  was  conducted  by  the  Woods 
Hole  Oceanographic  Institution  and  the 
U.S.  Geological  Survey,  who  sampled  on 
an  18-km  spacing.  The  Corps  of  Engineers 
Coastal  Engineering  Research  Center  has 
collected  about  4,200  km  of  geophysical 
data  and  over  300  cores  as  a  part  of  its  stud- 
ies on  the  inner  shelf  of  the  bight  (Duane 
1969;  Williams  and  Duane  1974;  Williams 
1976).  MESA  work  had  been  conducted 
primarily  in  New  Jersey  nearshorc  and  cen- 
tral shelf  areas,  the  bight  apex,  the  near- 
shore  of  Long  Island  eastward  to  Fire  Is- 
land, two  central  shelf  alternative  dumping 
areas,  and  the  Hudson  Shelf  Valley  (Fig. 


1 ) .  Emphasis  here  is  on  the  bight  apex  and 
the  central  shelf  alternative  dumping  areas. 

Source  and  age  of  sediments — Sediments 
covering  the  floor  of  the  bight  were  mostly 
deposited  during  lowered  sea  level  and  were 
reworked  during  the  landward-seaward 
migrations  of  the  shoreline.  As  transgression 
progressed,  fluvial  and  older  sediments 
were  covered  by  estuarine  and  lagoonal 
sediments  behind  barrier  islands  or  directly 
reworked  by  littoral  processes  associated 
with  the  advancing  shoreline.  During  a 
transgression,  bottom  currents  of  the  inner 
shelf  interact  with  the  shelf  floor  to  form  a 
concave  surface  whose  profile  resembles  an 
exponential  curve,  with  the  steep  limb  com- 
prising the  shoreface  (Swift  et  al.  1972). 
With  a  loose,  sandy  substrate,  the  inner 
shelf  shoreface  tends  to  extend  itself  later- 
ally across  the  mouths  of  bays,  closing  them, 
except  for  inlets,  by  the  deposition  of  sand 
in  the  form  of  spits  and  barrier  islands. 
Estuaries  and  lagoons  behind  these  spits 
and  islands  then  trap  suspended  fine  sedi- 
ment (mud),  while  the  barrier  islands  are 
nourished  by  littoral  drift  from  eroding 
headlands  and  by  sand  moving  landward 
from  the  shelf. 

As  sea  level  rose  during  the  Holocene 
transgression,  the  inner  shelf  profile  moved 
shoreward  by  means  of  shoreface  erosion. 
Some  eroded  sand  was  swept  onto  the  bar- 
rier islands  by  storm  overwash  and  buried, 
only  to  be  re-exposed  again  at  the  eroding 
shoreface.  Most  material  from  shoreface 
erosion,  has,  however,  been  washed  down- 
coast  and  seaward  to  form  a  discontinuous 
sand  blanket  0  to  10  m  thick  (Stahl  et  al. 
1974).  Thus,  the  New  York  Bight  shelf  floor 
is  dominantly  sand-sized  sediment  (Schlee 
1973).  Fine-grained  sediments  are  gener- 
ally absent,  having  been  transported  either 
into  the  Hudson-Raritan  estuary,  behind 
barrier  islands,  or  off  the  shelf  edge.  Lo- 
cally, underlying  strata  of  transgressed  la- 
goonal and  estuarine  semiconsolidated  mud 
deposits  or  resistant  coastal  plain  strata  are 
exposed  on  the  sea  floor  (Swift  et  al.  1972; 
Stahl  et  al.  1974;  Sheridan  et  al.  1974). 

Sediment  types — Sediment  types  have 
been  mapped  in  the  New  York  Bight  pri- 
marily by  dominant  grain  size   (Fig.  2). 
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Generally,  the  shelf  is  covered  by  sand- 
sized  sediment  with  isolated  gravel  patches 
(Schlee  1973,  1975;  WilHams  and  Duane 
1974;  Williams  1976 ) .  In  deeper  water,  gen- 
erally seaward  of  the  60-m  isobath,  in  the 
Hudson  Shelf  Valley,  and  in  lagoons  and 
estuaries  where  wave  action  is  less  pro- 
nounced, silt  is  the  dominant  sediment 
(Freeland  and  Swift  in  press).  In  the  Long 
Island  nearshore  zone  west  of  Fire  Island, 
small  mud  patches,  some  of  which  are  sea- 
sonal, are  of  considerable  environmental 
concern  owing  to  contamination  of  the  fines 
by  pollutants. 

Suspended  sediments — Meade  ( 1972a, 
b)  noted  the  following:  Pleistocene  glacia- 
tions  and  sea  level  fluctuations  drastically 
altered  the  composition  and  distribution  of 
sediments  on  continental  margins;  it  is  not 
always  immediately  evident  whether  pres- 
ent shelf  deposits  reflect  modern  or  Pleisto- 
cene conditions.  Fine  sediment  transport 
studies  are  hindered  by  the  fact  that  de- 
posited sediments  may  reflect  processes  act- 
ing over  thousands  of  years,  whereas  our 


7.5° 


Fig.  2.  Sediment  types  in  the  bight  area  (depth 
in  meters).  Hatching — gravel,  sandy  gravel,  and 
gravelly  sand;  speckling — sand;  stippling — silty 
sand,  sandy  silt,  and  clayey  silt;  dappling — glau- 
conitic  sand,  silty  sand,  and  sandy  silt.  ■■■ — Pyrite- 
filled  foraminiferal  tests.  1 — Zone  of  rounded 
quartz  grains;  2 — zone  of  limonitic  pellets.  (From 
Uchupi  1963. ) 


Table  1.     Source  of  suspended  solids  in  the  New 
York  Bight.* 

XlO'  tonnes /yr 


Direct  bight  ( 68%  ) 
Dredged  (54%) 
Sludge    (2.1%) 
Cellar  dirt  (6.8%) 


4.73 
0.18 
0.60 


Total  barged  (62.9%)  5.51 

Atmospheric  (5%  )  0.45 

Coastal  zone  (32%) 

(98%  of  coastal  zone  input  is  through  the  Rock- 

away-Sandy  Hook  transect) 

Municipal  wastewater  ( 4%  )  0.35 

Industrial  wastewater  ( 0.2%  )  0.02 

Gaviged  runoff  (16%)  1.4 

Urban  runoff  (12%)  1.1 


Total  coastal  zone 
Total  input 


2.87 
8.83 


•  From  Mueller  et  al.  1976. 

studies  of  suspended  sediment  are  com- 
monly limited  to  a  few  days  or  months  of 
observations.  Natural  processes  may  be  im- 
possible to  separate  from  the  changes  pro- 
duced by  human  activities,  particularly  in 
estuaries  (and  at  the  present  dumpsites). 

Fine  sediment  sources  to  estuaries  and 
the  shelf — Fine  sediment  discharged  into 
the  bight  is  shown  in  Table  1  ( Mueller  et  al. 
1976).  Fluvial  sediment  is  comprised  of 
roughly  85%  inorganic  and  15%  combust- 
ible organic  material  (Table  2).  The  fine 
inorganic  fraction  is  mostly  illite,  chlorite, 
feldspar,  and  hornblende  from  the  Hudson 
River  (Hathaway  1972). 

Shelf  erosion  and  coast-parallel  transport 
appear  to  be  significant  but  unmeasured 
sources  of  suspended  material  and  were 
probably  major  sources  during  the  Holo- 
cene  transgression.  Hathaway  (1972) 
showed  that  fine  sediments  near  the  mouths 

Table  2.     Composition  of  suspended  matter. 


Rivers 


Estuaries 


Shelf 


80-90%  minerals 


60-80%  minerals 
-|-  biogenic  shells 

10-70%  minerals 
-f-  biogenic  shells 


10-20% 
combustible 
organics 

20-40% 
combustible 
organics 

30-90% 
combustible 
organics 
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of  coastal  plain  estuaries  differ  significantly 
from  the  composition  of  riverborne  sedi- 
ments. It  is  probable  that  much  estuary- 
mouth  sediment  is  being  eroded  from  shelf 
deposits  and  returned  to  and  trapped  in 
estuaries  (Meade  1969).  The  fact  that  the 
sediments  from  modern  rivers  have  not 
obscured  this  conclusion  implies  that  either 
the  modern  sediment  is  bypassing  the  lower 
portions  of  the  estuary,  or  it  is  trapped  al- 
most completely  near  the  river  mouths. 
Along  the  east  coast,  the  heads  of  the  Ches- 
apeake and  Delaware  estuaries  are  far  up- 
stream from  the  estuary  mouth,  therefore, 
most  river  sediment  is  deposited  far  inland 
from  the  sea.  Although  saline  tidal  water  is 
present  in  the  Hudson  River  up  to  Albany, 
fine  fluvial  sediment  is  carried  by  low- 
salinity  surface  water  to  Upper  and  Lower 
New  York  Bays  where  some  fines  settle  out 
(Folger  1972/:>)  and  the  remainder  is  car- 
ried with  estuarine  sediment  into  the  bight 
apex  and  mixed  with  recirculated  shelf  sed- 
iment. In  the  northeast  United  States,  most 
of  the  fluvial  suspended  sediment  is  effec- 
tively bapped  in  estuaries  and  coastal  wet- 
lands (Millimanl972). 

At  the  present,  the  annual  suspended 
sediment  discharge  of  Atlantic  coastal  rivers 
is  about  equal  to  the  annual  deposition  on 
marsh  surfaces  (Meade  1972fl).  However, 
much  of  the  deposited  material  re-enters 
the  shelf  water  column  after  the  shoreline 
has  passed  over  the  marsh,  through  the 
process  of  shoref  ace  erosion  ( Fischer  1961 ) . 

Particles  derived  from  biologic  processes 
are  also  a  significant  component  of  sus- 
pended matter  in  estuaries  and  on  the  shelf 
(Table  2),  ranging  from  20-90%  in  surface 
waters  ( Manheim  et  al.  1970).  However, 
concentrations  of  combustible  biogenic  mat- 
ter decrease  rapidly  with  depth,  and  little 
of  this  material  is  preserved  in  sediment  de- 
posits (Folger  1972a;  Gross  1972). 

Atmospheric  fallout  over  the  New  York 
Bight  is  small  relative  to  other  sediment 
sources  (Table  1),  but  it  may  be  a  signifi- 
cant tiansport  path  for  specific  pollutants 
(e.g.  lead  from  vehicular  exhaust  emis- 
sions ) . 

Highest  concentrations  of  organic  and  in- 
organic suspended  materials  in  the  water 


occur  within  10  km  of  the  coastline  and  de- 
crease nearly  exponentially  seaward  (Man- 
heim et  al.  1970).  Mineral  grains  larger  than 
4  /xm  (silt-size)  comprise  10-25%  of  near- 
shore  suspended  sediment  and  only  2-5% 
of  offshore  samples;  the  remainder  is  or- 
ganic matter.  The  zone  of  strong  terrige- 
nous influence  is  restricted  to  nearshore 
waters  and,  specifically,  to  the  inner  shelf 
zone  of  turbid  water  drifting  away  from  the 
estuary  mouth.  The  coarser  grains  in  this 
zone  are  effectively  trapped  in  the  "estua- 
rine" circulation  (which  serves  to  reinforce 
the  surface  concentrations)  and  are  trans- 
ferred from  one  estuary  to  the  next  along 
the  path  of  the  longshore  current. 

Studies  of  other  areas  ( Postma  1967 )  sug- 
gest that  volumes  of  suspended  sediment 
transported  on  the  many  feedback  loops  in 
the  bight  are  probably  orders  of  magnitude 
greater  than  both  the  net  volume  from  the 
Hudson  River  that  is  transported  across  the 
shelf  and  the  much  larger  amounts  intro- 
duced by  dumping. 

Although  the  factors  which  influence  sus- 
pended sediment  dispersal  can  be  readily 
defined,  many  large  gaps  in  our  knowledge 
must  be  closed  before  quantitative  sediment 
transport  budgets  can  be  constructed  on  a 
regional  scale.  The  most  important  of  these 
are:  shelf  circulation  patterns  and  mecha- 
nisms, particularly  during  storms;  hydraulic 
properties  of  suspended  sediments,  particu- 
larly resuspension  and  settling  properties; 
and  the  influence  of  flocculation  and  bio- 
logic aggregation  on  settling. 

Detailed  studies  in  the 
New  York  Bight  apex 

A  1973  bathymetric  map  (Fig.  3)  of  the 
bight  apex  was  made  as  the  result  of  a 
NOAA-Corps  of  Engineers  survey.  The 
principal  topographic  features  are  the 
northern  end  of  the  Hudson  Shelf  Valley, 
Cholera  Bank,  and  the  Christiaensen  Basin, 
an  amphitheaterlike  feature  terminating  the 
Hudson  Shelf  Valley  (Veatch  and  Smith 
1939).  Dumpsites  for  dredge  spoils  (the 
mud  dump ) ,  cellar  dirt,  sewage  sludge,  and 
acid  wastes  are  shown.  Knolls  immediately 
northwest  of  Ambrose  Light  and  north  and 
northwest   of   the   dredge   spoil   dumpsite 


836 


94 


Geological  processes 


74*  00'  73' 55-  73' 50'  73*  *5'  73*  W 

Fig.  3.     Bathymetric  map  of  the  New  York  Bight  apex.  Contour  interval,  1  m.  Data  (in  meters)  from 
1973  NOAA-Corps  of  Engineers  survey. 


were  formed  from  early  20th  centuiy  dump- 
ing of  assorted  building  excavation  material 
and  sand  and  gravel  from  the  dredging  of 
Ambrose  and  Sandy  Hook  Channels  (Wil- 
liams 1975). 

Comparison  of  the  1973  bathymetric  sur- 
vey results  with  data  from  the  1936  survey 
reveals  that  only  the  anthropogenic  areas 
have  changed  significantly.  Figure  4  shows 
the  1973  and  1936  bathymetry  of  the  dredge 
spoil  site,  as  well  as  the  net  change  between 
the  two  surveys.  The  50-ft  knoll  on  the  1936 
map  ( relatively  unchanged  in  1973 )  is  itself 


the  result  of  earlier  dumping  (Williams 
1975).  The  amount  of  anthropogenic  ma- 
terial accumulated  during  these  years 
(1936-1973)  has  been  calculated  to  be 
about  124x10*"*  m^.  This  compares  with 
about  142x10^  m^  dumped.  The  difference 
easily  can  be  accounted  for  by  settling 
alone. 

Surficial  sediments  have  been  mapped  by 
analyzing  over  700  bottom  grab  samples 
collected  at  1-km  spacing  (Fig.  5).  The 
topographically  low  Hudson  Shelf  Valley 
and   the    Christiaensen   Basin   are   floored 
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6rED<5E    spoil  OUMPSITt 
1936    BATHYMETRY 


iiiiiiiti!! 


NET   CHANGE    MAP 
1936-1973 


with  fine-grained  sediment,  whereas  the 
rest  of  the  area  contains  assorted  sizes  of 
sand  and  both  anthropogenic  ( artifact )  and 
natural  gravel  deposits.  Artifact  gravels 
consist  of  recognizable  construction  rubble 
— brick,  schist,  concrete,  etc. 

Geophysical  data  taken  during  the  1973 
survey  consisted  of  3.5-kHz  shallow-pene- 
tration seismic  reflection  records  and  side- 


Fig.  4.  Bathymetric  maps  (5-ft  contour  inter- 
vals )  of  the  dredge  spoil  dumpsite,  New  York  Bight 
apex.  The  198°T  azimuth  (minimum  distance  4 
nmi  from  Ambrose  Light)  and  the  90-ft  isobath 
define  the  designated  site  (hatched).  Upper  left — 
1936;  upper  right — 1973;  left — net  change  from 
1936-1973. 


scan  sonar  records  with  150-m  range  on 
each  side  of  610-m-spaced  tracklines.  Al- 
though data  interpretation  is  incomplete, 
bottom  roughness  patterns  and  trends  of 
linear  bedfonris  (sand  ribbons  and  de- 
graded sand  waves)  have  been  mapped 
from  sidescan  data  (Fig.  6).  These  bed- 
forms  appear  as  alternating  light  and  dark 
bands  corresponding  to  fine-  and  coarse- 
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Fig.  5.     Distribution  of  surficial  sediment  based  on   visual  sample   examination.    Bathymetry   from 
1936  data. 


grained  sediment  or  as  isolated  dark  bands. 
Streaky,  patchy,  and  rough  textures  are  as- 
sociated with  the  dredge  spoil  and  cellar 
dirt  dumpsites  and  may  be  related  to  indi- 
vidual dumps. 

Preliminary  analysis  of  seismic  data  shows 
filling  of  the  Hudson  Shelf  Valley  from 
Cholera  Bank. 

Suspended  sediment  studies  are  particu- 
larly important  in  the  bight  apex  because  of 
the  large  amounts  of  fine  particles  dispersed 
in  the  water  by  waste  disposal  operations. 


These  particles  are  in  addition  to  the  fine 
sediments  discharged  from  the  Hudson 
River,  other  river  mouths,  and  tidal  inlets 
connected  to  coastal  wetlands.  Fine-grained 
sediment  is  also  eroded  from  the  sea  floor 
during  storms.  Of  immediate  concern  is 
sewage  sludge  which  contains  bacterial, 
viral,  and  heavy  metal  contaminants  that 
adhere  to  fine  sediment  particles  in  the 
water  column.  The  suspended  fraction  of 
dredge  spoils  is  also  probably  similarly  con- 
taminated. All  of  these  fines  are  largely  re- 
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Fig.  6.  Distribution  of  bottom  roughness  pat- 
terns from  sidescan  sonographs.  Blank  area  NW 
and  SE  of  Ambrose  Light  ( A )  shows  no  bedforms. 
M — Dredge  spoil  dumpsite;  CD — cellar  dirt  site; 
SS — sewage  sludge  site. 


tained  in  the  neaishore  water  column  as  a 
consequence  of  the  bight  circulation  pat- 
tern. 

Suspended  sediment  studies  were  initi- 
ated in  the  bight  apex  during  1973  when 
sample  stations  were  occupied  to  collect 
chemical  and  physical  oceanographic  data. 
Water  samples  were  collected,  filtered,  and 
examined  from  the  surface,  10-m  depth, 
and  the  bottom  at  25  stations.  Preliminary 


10  METERS-TOIAL  SUSPENDED  lOAD-ma/L 


Fig.  7.  Total  suspended  sediment  load  in  waters 
at  10-m  depth,  late  November  1973.  (From  Drake 
1974. ) 


results  for  data  taken  in  fall  1973  (Drake 
1974;  Figs.  7-10)  indicate  the  existence  of 
a  fair-weather,  clockwise  current-circula- 
tion gyre,  driven  in  part  by  the  southwest 
drift  of  offshore  shelf  water.  This  has  been 
verified  by   current  meter  studies   in   the 
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Fig.  8.  Distribution  of  ferric  hydroxide  particles 
in  the  water  column  in  late  November  1973  ( grains 
X  103/liter).  A — Surface;  B — midwater;  C — bot- 
tom water.  ( From  Drake  1974. ) 
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Fig.  9.  Vertical  distribution  of  total  suspended 
load  (in  mg/liter)  seaward  of  Long  Beach,  Long 
Island.  ( From  D.  E.  Drake  unpublished. ) 


apex  (Charnell  and  Hansen  1974).  Part  of 
the  total  suspended  load  in  the  bight  apex  is 
easily  identifiable,  red-orange  ferric  hydrox- 
ide particles.  These  particles  are  formed  by 
precipitation  of  iron  in  seawater  as  the  re- 
sult of  acid  waste  dumping.  They  consti- 
tute an  excellent  tracer  of  suspended  sedi- 
ment circulation.  The  vertical  distribution 
of  suspended  sediment  shows  high  values 
(1.0  mg/liter)  near  the  surface,  and  2.0  mg/ 
liter  in  the  near  bottom  "nepheloid"  layer, 
typical  of  shelf  areas  ( Fig.  9 ) .  It  is  expected 
that  this  layer  will  transport  much  of  the 
suspended  particulate  matter  and  its  asso- 
ciated contaminants. 


OENERAIIZED  HNE  SEDIMENT  TtANSfORT;  FAU  1»73 


Fig.  10.  Fine  sediment  transport  system  as  in- 
ferred from  distribution  of  suspended  sediments 
during  fall  1973.  Dashed  line  is  mean  position  of 
boundary  between  more  turbid  coastal  water  and 
less  turbid  offshore  water.  Clockwise  gyre  is  ap- 
parently driven  by  southwesterly  drift  of  offshore 
shelf  water,  and,  on  the  bottom,  by  influx  of  saline 
water  into  New  York  Harbor.  Regional  currents 
which  appear  to  be  persistent  are  indicated  by 
solid  arrows.  ( From  Drake  1974. ) 


Preliminary  results  show  there  is  a  con- 
centration of  fine-grained  sediment  in  en- 
closed lows  in  the  Hudson  Valley  axis, 
sandy  mud  in  the  remainder  of  the  valley 
axis,  and  coarser  sediment  up  the  flanks  of 
the  valley  and  onto  the  shelf. 

Alternative  dumping  area  studies 

Two  midshelf  areas  have  been  designated 
as  possible  interim  alternative  dumping 
areas  for  sewage  sludge  and  dredge  spoils 
from  the  New  York  metropolitan  area  {see 
Fig.  1 ) .  The  northern  area  is  to  be  a  mini- 
mum of  46  km  from  the  Long  Island  shore- 
line, 18  km  from  the  axis  of  the  Hudson 
Shelf  Valley,  and  120  km  from  the  entrance 
to  New  York  Harbor.  The  southern  area  is 
seaward  of  the  36-m  isobath  and  the  same 
distances  from  the  Hudson  Valley  axis  and 
the  New  York  Harbor  entrance  as  the 
northern  area  (areas  2D1  and  2D2  on  Fig. 
1).  Each  area  is  18.5x18.5  km. 

Northern  area — In  the  northern  area 
( Fig.  1,  2D1 ),  the  sampling  grid  was  placed 
seaward  of  the  center  of  the  location-criteria 
triangle  to  investigate,  in  part,  a  shallow 
tributary  valley  of  the  ancestral  Long  Island 
drainage  system.  The  surficial  sediments 
consist  of  sand  with  some  areas  of  over  5% 
gravel  ( Fig.  11 ) .  Fine  sands  lie  in  the  north- 
eastern part  of  the  area,  medium  sands 
cover  the  western  and  southern  parts,  with 
a  gravel  deposit  ( —39%  gravel )  at  one  sta- 
tion associated  with  an  area  of  coarser  med- 
ium sand  in  the  southern  part  of  the  area. 
Only  two  stations  contained  >5%  mud. 
Bottom  photographs  indicate  that  the  area 
is  characterized  by  a  smooth,  slightly  un- 
dulatory,  mounded  or  rippled  bottom.  Side- 
scan  sonar  records  reveal  elongate  dark 
areas  which  may  be  erosional  windows  in 
the  Holocene  sand  .sheet  that  expose  the 
basal  Holocene  pebbly  sand  or  may  be 
areas  of  abundant  large  shell  fragments. 
Grab  samples  were  spaced  too  far  apart  to 
be  definitive.  Bottom  photo  and  submers- 
ible-observation data  support  the  existence 
of  windrows  of  shell  fragments. 

Southern  area — The  southern  study  area 
in  Fig.  1  (2D2)  is  centered  over  the  broad, 
flat  high  of  the  Hudson  divide  (  Fig.  12 ) .  To 
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Fig.  11.  Northern  proposed  interim  alternative 
dumping  area  (2D1  on  Fig.  1).  Grain-size  distri- 
bution of  sand-sized  fraction.  Large  dots — sample 
stations.  (Bathymetry  from  Steams  and  Garrison 
1967;  1-fm  contour  intervals.) 


ing  ridge  and  swale  topography.  Geophysi- 
cal data,  sediment  samples,  and  two  dives 
in  submersibles  showed  that  grain-size  pat- 
terns appear  to  be  related  to  bottom  topog- 
raphy; coarser  sand  and  gravel  deposits  lie 
on  the  crest  and  east  flank  of  the  Hudson 
divide,  while  medium-  and  fine-grained 
sand  occur  in  the  ridge  and  swale  topog- 
raphy (Fig.  13).  These  distributions  sug- 
gest that  fine  sediment  is  winnowed  from 
the  crest  and  east  flank  of  the  divide  and 
deposited  to  the  west.  Observations  from  a 
submersible  in  Veatch  and  Smith  Trough 
reveal  a  veneer  of  shelly,  pebbly  sand  with 
large,  angular  clay  pebbles  and  occasional 
oyster  shells  derived  from  the  underlying 
early  Holocene  lagoonal  clay.  Seismic  data 
also  reveal  that  the  reflector  associated  with 
this  surface,  outcrops  on  the  ridge  flank.  It 
appears  that  storm-generated  currents  from 
the  northeast  have  winnowed  the  east  flank 
of  the  Hudson  divide  and  formed  or  main- 
tained the  ridge  and  swale  topography  on 
the  west  side  of  the  divide. 


the  northeast  the  bottom  grades  gently  into 
the  Hudson  Shelf  Valley,  while  the  western 
section  is  characterized  by  northeast-trend- 


Fig.  12.  Southern  proposed  interim  alternative 
dumping  area  ( 2D2  on  Fig.  1 ) .  ( Bathymetry  from 
Steams  and  Garrison  1967,  1-fni  contour  intervals. ) 
Solid  lines — geophysical  tracklines;  bars — sites  of 
dives  by  submersibles. 
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Fig.  13.  Southern  proposed  interim  altemative 
dumping  area,  (2D2  on  Fig.  1).  Grain-size  distri- 
bution of  sand-sized  fraction.  Large  dots — sample 
stations.  (Only  the  20-fm  isobath  is  shown.) 
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Suspended  sediment — As  previously  men- 
tioned, most  fluvial  suspended  sediment  is 
effectively  trapped  in  estuaries  and  coastal 
wetlands.  Consequently,  the  terrigenous 
fraction  of  the  suspended  matter  decreases 
rapidly  seaward.  Suspended  solids  through- 
out -idle  water  column  in  the  alternative 
dumping  areas  were  predominately  plank- 
ton and  their  noncombustible  remains.  Total 
suspended  matter  concentration  in  surface 
water  is  from  100-.500  /Ag/ liter,  comprised 
of  5%  or  less  terrigenous  matter,  80%  com- 
bustible matter,  and  15%  siliceous  and  cal- 
careous noncombustible  planktonic  remains 
(D.  E.  Drake  personal  communication). 
Subsurface  water-suspended  matter  con- 
centiation  is  similar  or  somewhat  less,  ex- 
cept in  the  nepheloid  layer  5-10  m  above 
bottom.  There,  suspended  matter  concen- 
trations are  500-2,000  /ig/ liter,  consisting  of 
30-60%  combustible  matter  and  50-80% 
noncombustfble  matter  which  includes  10- 
20%  terrigenous  matter.  Textural  proper- 
ties of  sediment  deposits  in  the  alternative 
dumping  areas  show  that  very  little  sedi- 
ment finer  than  62  microns  is  present. 
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BEACH  RESPONSE  IN  THE  VICINITY  OF  A 
SHOREFACE  RIDGE  SYSTEM:   FALSE  CAPE,  VIRGINIA 

Victor  Goldsmith.  Gerald  L.  Shideler^ , 
John  F.  McHone^  and  D.J. P.'  Swift^ 

INTRODUCTION 

Submarine  ridge  and  swale  systems  constitute  a  con- 
spicuous topographic  element  of  the  Middle  Atlantic  shelf. 
These  ridge  systems  are  morphologically  diversified,  and 
have  been  extensively  described  by  several  investigators 
(e.g.,  Shepard,  1963;  Uchupi,  1968;  Duane,  et  al . ,  1972; 
Swift,  et  al, ,  1972b).   One  of  the  most  interesting  and 
perplexing  varieties  of  submarine  ridges  are  the  oblique- 
trending,  shorcface- connected  ridges,  such  as  ideally 
exemplified  at  False  Cape,  Virginia  (.Fig.  1).  ITie  genetic 
significance  of  the  False  Cape  Ridge  System  has  been  an 
issue  of  controversy.   Sanders  (1962)  has  suggested  that 
the  ridges  are  relict  Pleistocene  beach  ridges.   However, 
more  recent  studies  of  the  system  suggest  that  they  repre- 
sent large-scale  modern  hydraulic  bedforras  that  are  main- 
tained by  southward  flowing  coast-parallel  stonn  currents 
(Swift,  et  al.,  1972a,  1973:  McHone,  1972).   Even  more 
recently,  Swift  (1976a  and  b)  suggested  that  the  ridges 
form  in  response  to  southward  moving  coastal  jet  currents 
formed  on  the  shelf  in  response  to  winter  northeaster 
storms.  Additional  studies  by  Hunt,  et  al.  (1977)  and 
Swift,  et  al.  (1977)  indicate  that  large  bedforms  are 
associated  with  the  linear  ridges. 


^A  draft  of  this  paper  was  jointly  prepared  in  1972 
using  beach  profile  data  collected  by  the  last  three  authors 
while  at  Old  Dominion  University,  Norfolk.   It  was  revised 
for  this  volume  by  the  first  author,  who  added  the  VIMS-CERC 
profile  data  and  who  accepts  full  responsibility  for  all 
conclusions  and  shortcomings. 
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In  an  attempt  to  explain  the  sediment  source  for  ridge 
construction,  a  conceptual  model  has  been  hypothesized 
(Swift,  et  al.,  1970);  the  model  employs  the  Bruun  coastal 
retreat  concept  (Bruun,  1962;  Schwartz,  1965),  whereby 
shoreface  erosion  along  a  retrograding  coast  during  rising 
sea  level  results  in  equal -volume  aggradation  along  the 
adjacent  sea  floor.   The  aggraded  sediment  may  then  be 
subsequently  molded  into  a  shoreface-connected  ridge  by 
the  modern  hydraulic  regime.  After  development,  the  ridge 
would  function  as  a  feedback  element  by  influencing  coastal 
currents  and  impinging  wave  characteristics.   In  turn,  this 
feedback  influence  could  exert  control  over  erosional  and 
accretionary  processes  along  the  adjacent  beach  sector,  as 
manifested  in  beach  morphology.  The  False  Cape  Ridge 
illustrated  in  Figure  1  shoals  and  closes  toward  the  south; 
consequently,  differential  influences  might  be  anticipated 
along  the  beach  sector  adjacent  to  the  ridge.   Such  differ- 
ential effects  have  been  noted  along  the  adjacent  subaqueous 
shoreface  during  the  1922-1969  interval,  where  erosion  occur- 
red along  the  central  and  northern  portions  of  the  sector, 
while  the  southern  portion  was  characterized  by  accretion 
(Swift,  et  al.,  1972),   Similar  differential  effects  were 
also  noted  along  the  adjacent  beach  of  this  sector  for  the 
zaziz   tine  lnt**rvaT  (Felton.  unpublished  manuscript,  Norfolk 
uiscrict  Cui.ps  of  Engineers)  ,  VTith  ret-r-n^ression  toward  uhe 
north,  and  progradation  toward  the  south. ^ 

The  purpose  of  the  present  paper  was  to  gain  greater 
insight  into  the  influences  exerted  by  the  False  Cape  sub- 
marine ridge  on  beach  processes  along  the  adjacent  coastal 
sector.   This  was  accomplished  by  conducting  a  time  series 
study  of  beach  morphology  during  the  1969-1972  interval. 
Beach  topographic  profiles  were  obtained  periodically  at 
four  selected  stations  along  the  coastal  sector  adjacent 
to  the  False  Cape  Ridge  (Fig,  1),  employing  the  leveling 
technique  described  by  Emery  (1961).  The  comparative 
profile  data  were  processed  with  an  IBM  360  computer, 
employing  a  curve  plotting  program  which  permitted  direct 
volumetric  comparisons  of  morphological  variations  occurring 
during  sequential  time  intervals  (Colonell  and  Goldsmith, 
1972),   It  was  believed  that  a  study  of  this  nature  might 
be  helpful  in  predicting  the  response  characteristics  of 
similar  beach  sectors  throughout  the  world  which  are  flanked 
by  shoreface-connected  ridge  systems. 


'See  Sutton,  this  volume. 
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1969-1971  BEACH  PROFILE  DATA  (O.D.U.)     ; 

ODU-1  at  the  south  end  of  the  studied  sector  illus- 
trates the  most  extensive  coverage,  ranging  from  June, 
1969  to  September,  1971  (Fig.  2).   This  27-raonth  curve 
nicely  illustrates  two  distinct  sources  of  variability: 
(1)  Long -period  trend  -  this  trend  consists  of  a  cyclic 
component  that  appears  to  generally  reflect  seasonal 
variations  in  the  hydraulic  regime,  though  not  in  every 
season.   The  fall  and  winter  months  can  be  generally 
characterized  as  an  erosional  or  destructive  phase.   In 
contrast,  the  spring  and  summer  months  are  generally 
characterized  as  accretionary  phases. 

On  an  annual  basis,  this  particular  beach  section 
appears  to  approach  a  condition  of  dynamic  equilibrium 
over  the  monitored  27-month  interval.   If  mid-June  is  used 
as  a  reference  point,  the  cumulative  curve  illustrates  a 
nearly  constant  annual  transfer  of  sand,  with  very  little 
net  loss  or  gain  from  this  specific  locality.  However,  on 
a  longer  term  secular  basis  (e,g.,  1922-1969),  this  may  be 
a  prograding  locality.   Progradation  is  suggested  by  what 
appears  to  be  an  accretionary  linear  component  of  the 
lonK~i-fc:i'm  Li.eiid.  This  would  be  compatible  with  other  data 
(e.g.,  Swift,  et  al.  1972)  suggesting  progradation  in  the 
southern  end  of  the  False  Cap«  sector.  This  station  exhibits 
a  total  net  change  consisting  of  120  m^  of  accretion  over 
the  monitored  time  interval.^   (2)  Short-period  variations  - 
relatively  short  period  variations  superi.mposed  on  the 
long- period  trend  reflect  highly  transient  events,  such  as 
storm  erosion  and  subsequent  beach  rebuilding  episodes. 
The  most  prominent  events,  which  involved  volumetric  changes 
exceeding  28  m^ /linear  meter  occurred  during  the  following 
comparison  intervals:   6/30/69-7/18/69  (49  m^  erosion), 
4/26/70-7/8/70  (30  m^  accretion),  9/25/70-10/20/70  (29  m^ 
erosion),  10/20/70-11/17/70  (31  m^  erosion),  5/22/71-7/4/71 
(38  m^  accretion),  7/4/71=- 7/14/71  (31  m^  accretion),  and 
7/14/71-9/26/71  (73  m^  accretion). 

The  cumulative  curve  from  ODU-2  provides  only  a  7 -month 
coverage  from  March,  1971  to  September,  1971.   The  curve 


^Profile  changes  are  presented  here  in  area  change  be- 
tween two  successive  beach  profiles  (ODU  data)  or  in  volume 
change/linear  meter  of  beach  (VIMS-CERC  data).   Since  the 
volume  is  for  one  linear  meter  of  beach,  the  numbers  are 
actually  the  same  for  volume  and  area. 
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is  of  insufficient  length  to  delineate  a  long-term  trend, 
but  it  does  illustrate  a  total  net  change  consisting  of 
37  m^  of  accretion.   The  curve  illustrates  short  period 
transient  events.   The  most  prominent  events  (>  28  m^) 
occur  in  succession  during  the  latter  three  comparison 
intervals:   7/4/71-7/14/71  (43  m^  erosion),  7/14/71-7/28/71 
(31  m^  accretion),  and  7/28/71-9/26/71  (63  m'^  accretion). 
This  sequence  appears  to  reflect  a  major  storm,  followed  by 
an  extensive  rebuilding  phase. 

The  cumulative  curve  from  ODU-3  provides  an  eleven- 
month  coverage  from  October,  1970  to  September,  1971.   The 
curve  is  of  insufficient  length  to  delineate  a  well-developed 
long-period  trend,  but  it  does  illustrate  a  total  net  change 
consisting  of  34  m^  of  accretion.   Short-period  transient 
variations  are  readily  apparent;  the  most  prominent  tran- 
sient event  occurred  during  the  7/14/71-7/28/71  comparison 
interval,  resulting  in  31  m^  of  accretion. 

The  cumulative  curve  from  ODU-4  also  provides  an' 
eleven-month  coverage  from  October,  1970  to  September,  1971. 
The  curve's  short  length  does  not  adequately  delineate  a 
long-term  trend,  but  it  does  illustrate  a  total  net  change 
consisting  of  71  m^  of  accretion.   The  curve  also  illus- 
LtaLes  buiue  saor  L-per  iou  LictnsienL  eveuLs,  wiLh  Lae  iiiot>L 
prominent  ones  occurring  during  the  2/27/71-3/5/71  interval 
(52  m^  accretion),  and  the  7/28/71-9/26/71  (68  m^  accretion) 
interval. 

In  comparing  the  time  series  response  characteristics 
of  the  four  beach  stations,  the  only  available  comparison 
interval  is  from  March,  1971  to  September,  1971.   During 
this  interval,  the  cumulative  curves  of  the  four  stations 
do  illustrate  differences  in  magnitude,  but  not  in  occur- 
rence of  net  erosion  and  accretion.  This  indicates  differ- 
ential beach  response  characteristics  in  a  north-south 
direction,  possibly  induced  by  the  southward  shoaling  False 
Cape  Ridge,  since  the  most  accretional  profile  is  ODU-1. 
There  are  two  features  which  correlate  well  among  the  four 
curves.   One  feature  is  the  brief  tv7o-cycle  sequence  of 
minor  erosion  and  accretion  which  occurred  during  April, 
1971.   The  second  feature  is  a  major  accretionary  phase 
which  commenced  during  July,  1971,  and  continued  into 
September,  1971.   In  general,  erosion  and  accretion  occur 
simultaneously  at  all  four  locations,  but  differ  in  magni- 
tude. This  suggests  that  the  False  Cape  Ridge  is  only 
partially  effective  in  inducing  differential  beach  response 
characteristics  along  the  studied  sector  over  the  short 
term. 
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1969-1976  BEACH  PROFILE  DATA  (VIMS-CERC) 

These  data  include  the  reoccupied  profile  locations  of 
ODU-3  (VIMS  No.  17)  and  Harrison  and  Bullock,  1972  (VIMS 
Nos.  15;  16  and  18)  (Figs.  1  and  3).  The  tape  and  level 
surveying  methods  employed  in  the  1974-1976  VIMS-CERC  study, 
and  other  pertinent  aspects  are  discussed  in  Goldsmith, 
et  al.,  19/7,  and  in  this  volume.  Net  longshore  transport 
is  concluded  to  be  to  the  south  in  the  False  Cape  area 
(Goldsmith,  et  al.,  1977). 

Figure  3  illustrates  the  relation  between  the  beach 
profile  locations  and  the  adjacent  offshore  bathymetry 
(from  Sutton,  et  al.,  1976),  Note  that  profile  locations 
17  (ODU-3),  ODU-2,  18  and  ODU-1  are  opposite  the  portion  of 
the  relatively  shallow  False  Cape  Ridge  System  which  abuts 
against  the  snore;  and  that  profile  locations  15,  16  and 
ODU-4  are  opposite  a  steeper  portion  of  the  near shore  wher^ 
the  30'  depth  contour  (9.1  m)  is  much  closer  to  shore. 

Figures  4  through  7  show  the  volume  changes  at  profile 
locations  15,  16,  17  (ODU-3)  and  18,  respectively,  between 
196y  and  1970,   Profile  locHtlonp  17  and  18  show  very  dra- 
matic accretionai  trends „   vvliej.ca5  profile  loc9<"Tons  l5   and 
16  show  large  volume  fluctuations,  the  net  accretionai  trend 
at  16  is  quite  subdued  relative  to  locations  17  and  18,  and 
15  shows  no  trend.  Table  1  gives  the  linear  regression  lines 
fitted  to  the  volume  trends,  and  the  statistical  tests  for 
the  goodness  of  fit  (i.e.,  significance)  of  the  linear 
regression  lines. 

It  is  interesting  to  note  that  a  similar  trend  exists 
to  the  north,  in  that  profile  locations  12,  13,  and  14, 
v;hich  are  opposite  a  relatively  wider  shoreface,  as  delin- 
eated by  the  30  ft  (9.1  m)  contour,  are  also  characterized 
by  larger  net  accretion. 

This  may  be  explained,  simply,  as  due  to  the  wider 
shoreface  acting  as  a  wave  buffer,  causing  the  frictional 
loss  in  wave  energy  as  the  waves  pass  over  the  shallower 
area.   More  complexly,  the  shoreface  ridge  systems  may 
provide  a  conduit  for  longshore  sediment  transport,  resulting 
in  larger  accumulations  at  the  shorelines  where  the  obliquely 
oriented  ridge  systems  are  attached  to  shore. 
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Figure  3.   batnymetry  of  southeast  Virginia  shelf;  contours  in  feet 
(1  foot  =  0.305  meter). 
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Ttbis  I       linear  lagreislon  linos   fitted  to  the  beach  voluae  trend*  and  itatlstical   ilfnificcnc*  of  the   lonj-tera  traodi. 
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SUMMARY 

Long-term  beach  trends  (1969-1976)  in  the  vicinity  of 
the  False  Cape  Ridge  System  show  variations  in  the  magnitude 
but  not  in  the  general  concurrent  occurrence  of  erosion  and 
accretion.  The  most  accretional  beach  profile  locations 
(17  and  18)  are  opposite  the  area  of  attachment  of  the 
ridge  system,  and  the  least  accretional  profile  locations 
are  opposite  the  narrowest  portion  of  the  shoreface,  as 
delineated  by  the  30  ft  (9.1  m)  contour. 

These  trends  are  not  apparent  in  the  short-term  (1970- 
1971)  beach  profile  data. 

It  is  hypothesized  that  the  larger  accretional  trends 
may  be  due  to  the  obliquely-oriented  ridges  acting  as  con- 
duit for  longshore  transport  resulting  in  additional 
accretion  at  the  profile  locations  opposite  the  area  of 
ridge  attachment  to  the  shoreline.   Since  profile  locations 
15  and  16  are  also  the  most  active  with  respect  to  daily 
and  weekly  wave  events,  the  ridge  at  shoreline  attachment 
may  also  dampen"  these  daily  and  weekly  wave  events. 
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Figure  1.  A.  Regional  bathymetry  of  Nonh  Carolina  coast,  indicating  study  area.  Contours  in  feet. 
B.  Relationship  of  outer  shelf  ridge  topography  (o  Diamond  Shoals.  Arrows  indicate  mean  annual 
littoral  drift  in  millions  of  cubic  yards  per  year.  Ridges  are  stippled;  lows  are  ruled.  Contours  in  feet. 
From  Swift  and  others  (1972). 


ABSTRACT 

The  surficial  sand  sheet  seaward  of 
Diamond  Shoals  on  the  North  Carolina 
shelf  is  molded  into  a  series  of  coast-parallel 
ridges  as  much  as  10  m  high  and  5  km 
apart.  An  older  cohesive  substrate  is  ex- 
posed in  the  troughs.  Fields  of  sand  waves 
as  much  as  7  m  high  occur  on  the  ridges  and 
in  the  troughs.  Their  crests  are  normal  to 
the  ridges.  Sand  size  varies  across  the  sea 
floor  in  sympathy  with  the  ridge  topog- 
raphy. The  gently  inclined  landward  flanks 
are  coarser  grained;  the  steeper  seaward 
flanks  are  finer  grained. 

There  is  evidence  to  indicate  that  the 
sand  ridges,  like  the  sand  waves  with  which 
they  are  associated,  are  responses  to  flow. 
However,  it  is  not  possible  to  demonstrate 
the  nature  of  coupling  between  fluid  motion 
and  substrate  morphology  on  the  basis  of 
the  existing  data. 

The  landward  part  of  the  study  area  is 
subjected  to  a  southward  water  drift  that 
during  winter  is  punctuated  by  intense 
southward  pulses  associated  with  storms. 
The  seaward  part  experiences  a  strong, 
predommantly  northward  flow  throughout 
most  of  the  year,  and  the  zone  of  shear  ap- 
pears to  migrate  back  and  forth  across  the 
study  area.  Regional  considerations  suggest 
a  southward  sand  transport.  However,  dur- 
ing the  period  of  observation,  water  flow 
and  bedform  asymmetry  indicated  north- 
ward transport.  It  seems  probably  that  the 
transport  direction  reverses  with  time. 

INTRODUCTION 

The  sandy  shelf  floor  north  of  Cape  Hat- 
teras  on  the  Atlantic  coast  of  North 
America  (Figs.  1,  2)  has  impressed  upon  it  a 
complex  topography  of  large-scale  north- 
trending  sand  ridges,  smaller  north- 
trending  sand  ribbons,  and  fields  of  sand 
waves  whose  crests  trend  east.  We  describe 
here  the  topographic  patterns  and  distribu- 
tion of  surficial  sediments  and  attempt  to 
assess  the  extent  to  which  these  characteris- 
rics  are  responses  to  the  prevailing  hydrau- 
lic regime. 

A  variety  of  techniques  was  used  to  map 
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the  substrate  and  determine  the  character  of 
flow.  A  sand-wave  field  was  mapped  by 
means  of  precision  bathymetric  data 
supphed  by  the  National  Ocean  Survey. 
Vibracores  and  grab  samples  were  taken  to 
define  shallow  stratigraphy  and  sediment 
parameters.  Sidescan  sonar  and  seismic 
reflection  profiling  were  employed  to  ob- 
serve the  bottorfi  in  plan  and  cross  section, 
and  bottom  photography  was  used  to  ex- 
amine small-scale  bottom  features.  Earth 
Resources  Technology  Satellite  (ERTS)  im- 
ages were  used  to  indicate  the  distribution 
of  suspended  sediment  and  to  deduce  direc- 
tions of  flow  in  the  surface  layers.  A  near- 
bottom  current  meter  was  deployed  for  19 
days.  Through  these  methods,  the  character 
of  the  sea  floor  has  been  observed,  and  the 
nature  of  its  response  to  flow  has  been  in- 
ferred. 

In  the  following  discussion,  depths  and 
distances  will  be  presented  in  metric  units. 
However,  the  contour  maps  are  based  on 
National  Ocean  Survey  data  obtained  be- 
fore the  beginning  of  this  study,  and  the 
contours  therefore  are  presented  in  feet. 

Bathymetry 

The  Virginia-North  Carolina  shelf  nar- 
rows to  the  south  from  almost  100  km  at 
Cape  Henry  to  about  37  km  at  Cape  Hat- 


teras.  It  widens  below  Hatteras  to  nearly 
100  km  (Fig.  1).  At  Cape  Hatteras, 
Diamond  Shoals  extends  20  km  seaward 
across  two-thirds  of  the  shelf,  with  water 
depths  of  less  than  15  m  for  most  of  that 
distance.  It  has  been  suggested  that 
Diamond  Shoals  was  deposited  by  the  lit- 
toral drift  convergence  at  Cape  Hatteras  as 
the  cape  retreated  from  its  position  at  the 
shelf  edge  to  its  present  position  in  response 
to  postglacial  sea-level  rise  (Swift  and 
others,  1972;  Swift  and  Sears,  1974).  The 
shoal  is  deeply  incised  by  arcuate  channels, 
presumably  eroded  by  pulses  of  Virginia 
Shelf  Water  pumped  across  the  shoal  dur- 
ing storms  (Swift  and  others,  1972).  These 
channels  are  apparently  modified  by  wave 
refraction  into  arcuate  forms,  with  the 
outer  ends  deflected  landward. 

Seaward  of  the  main  shoal,  a  series  of 
ridges  and  swales  trends  north-northeast, 
with  crests  at  18  m  and  troughs  at  25  to  30 
m  (Figs.  1,  2).  Seaward  flanks  tend  to  be 
steeper  than  landward  flanks.  Inshore  of 
Light  Tower  Ridge,  a  broad  swale  narrows 
and  shallows  to  the  south,  ending  in  a 
sand-wave  field  seaward  of  the  tip  of 
Diamond  Shoals.  Small  sand-wave  patches 
also  occur  on  the  crests  of  the  inner  ridges. 
Another  field  of  sand  waves  occurs  on  the 
shelf  edge  northeast  of  Diamond  Light. 

Seaward  of  Light  Tower  Ridge  and  the 
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Figure  2.  Bathymetry  of  outer  study  area,  showing  reiacionship  of  ridge  field  to  iht\t-cd%e  terrace. 
Contoured  from  U.S.  Coast  and  Geodetic  Survey  smooth  sheets  dated  1963-1964  and  1970.  Areas  of 
sand  waves  are  diagonaDy  ruled. 


outer  sand-wave  field,  the  shelf  drops  off 
steeply  to  a  terrace,  at  about  80  m,  that  has 
been  equated  with  a  former  low  stand  of 
sea  level,  the  Franklin  Shore  (Swift  and 
others,  1972,  Fig.  229).  Beyond  this  terrace, 
the  continental  slope  begins. 

Regional  Circulation 

The  Middle  Atlantic  Bight  is  charac- 
terized by  a  south-trending  fair-weather 
drift,  whose  basic  driving  mechanism  may 
be  the  nearshore  elevation  of  the  sea  surface 
as  a  consequence  of  fresh-water  runoff,  re- 
sulting in  southward  geostrophic  flow 
(Bumpus,  1973).  During  the  summer, 
southward  flow  on  the  North  Carolina- 
Virginia  shelf  north  of  Cape  Hatteras  is 
weak  and  may  be  reversed  by  southerly 
winds  (Harrison  and  others,  1967;  Miller, 
1952).  This  south-trending  drift  tends  to 
turn  seaward  at  Cape  Hatteras  and  to  be 
entrained  by  the  north-flowing  Gulf  Stream 
(Miller,  1952;  Harrison  and  others,  1967; 
Stefansson  and  others,  1971;  Bumpus, 
1973). 

Stratification  breaks  down  in  the  Middle 
Atlantic  Bight  during  the  months  of 
November  and  December  as  a  consequence 
of  cooling  of  the  water  column  and  of  tur- 
bulent mixing  by  more  frequent  storms.  A 
general  southward  drift  continues, 
punctuated  by  reversals  due  to  southerly 
storm  winds  and  by  intensifications  of 
southward  flow  due  to  northerly  storm 
winds.  Beardsley  and  Butman  (1974)  and 
Boicourt  and  Hacker  (1976)  have  noted 
that  strong  coupling  between  wind  and 
water  flow  and  appreciable  net  excursion  of 
the  water  mass  tend  to  be  associated  with 
storms  whose  trajectories  result  in  periods 
of  northerly  winds  parallel  to  the  regional 
isobaths  of  the  Middle  Atlantic  Bight.  Such 
winds  result  in  coastward  Ekman  transport 
of  water  and  a  coastal  setup  on  the  order  of 
40  to  60  cm  (Beardsley  and  Butman,  1974). 
In  the  ensuing  southward  geostrophic  flow, 
mid-depth  velocities  of  30  to  45  cm/sec  and 
net  water  excursions  of  40  to  70  km  occur. 
During  these  periods,  massive  pulses  of 
Virginia  Shelf  Water  flow  over  Diamond 
Shoals  into  Raleigh  Bay  (Stefansson  and 
others,  1971). 

Current  Patterns  from  ERTS  Imagery 

Interartion  of  the  shelf  flow  field  with  the 
Gulf  Stream  over  the  shelf  edge  is  vividly  il- 
lustrated by  computer-enhanced  ERTS  im- 
agery (Chamell  and  others,  1974;  Chamell 
and  Maul,  1973;  Maul,  1975;  Fig.  3).  Shelf 
water  is  marked  by  high  turbidity  that  de- 
creases seaward.  Successive  ebb-tidal 
plumes  from  tidal  inlets  may  be  seen  drift- 
ing along  the  coast.  Most  notable  is  a  zone 
of  shear  on   the   shelf  edge   seaward  of 
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Figure  3.  Computer  enhancement  of  ERTS-I  satellite  imagery  by  stretching  contrast 
within  water  part  of  scene.  A.  Scenes  113215092  and  113215094  MSS5  (0.60.7  ptm)  were 
taken  December  2,  1972,  at  1509Z.  Suspended  sediments  show  motion  of  inshore  water. 
Wind  was  a  constant  5m/sec  from  west  for  several  days.  B.  Scene  1 18616093  was  taken  at 
1509Z  on  January  25,  1973,  in  MSS4  (0.50.6  ^m).  Wind  had  been  blowing  from  north  at 
5m/sec  for  several  hours  prior  to  this  image  time.  C  and  D  are  interpretations  of  A  and  B, 
respectively. 
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Diamond  Shoals,  where  turbid  shelf  water 
from  north  of  the  shoals  is  drawn  seaward 
over  the  shoals  and  is  entrained  into  the 
northward  flow  of  the  Gulf  Stream.  The  po- 
sition and  configuration  of  the  shearn  zone 
varies  in  the  two  illustrations.  In  Figure  3A 
winds  were  from  the  southwest,  and  the 
zone  of  shelf-water  entrainment  has  been 
pushed  north  of  the  shoals  by  the  Gulf 
Stream.  In  Figure  3B  the  wind  has  been 
blowing  from  the  north  at  5  m/sec.  A 
tongue  of  Virgmia  Shelf  Water  is  beginning 
to  cross  Diamond  Shoals,  and  the  shear 
zone  has  been  displaced  seaward.' A  cyclon- 
ic eddy  is  forming  where  the  Virginia 
Shelf  Water  meets  the  Gulf  Stream,  and 
part  of  the  Virgmia  Shelf  Water  can  be  seen 
crossing  Diamond  Shoals  into  Raleigh  Bay. 

Direct  Current  Measurements 

The  Atlanta  office  of  the  engineering  firm 
of  Dames  and  Moore  has  recently  com- 
pleted a  one-year  current  station  on  Light 
Tower  Ridge  at  the  request  of  the  U.S. 
Coast  Guard,  which  maintains  the  light 
tower.  A  Hydroproducts  current  meter  was 
installed  2  m  off  the  sea  floor,  in  18  m  of 
water,  4  m  southwest  of  the  tower.  The 


meter  was  connected  to  a  Rustrak  recorder 
on  the  light  tower. 

Dames  and  Moore  personnel  reported 
that  during  the  year  of  observation,  flows 
were  directed  toward  the  north  or  northeast 
more  than  80  percent  of  the  time  (William 
Smith,  1975,  personal  commun.).  Speeds 
averaged  50  to  100  cm  sec"',  occasionally 
dropping  to  10  cm  sec"'  and  occasionally 
exceeding  100  cm  sec"'.  Scuba  divers  noted 
that  the  southerly  flows  consisted  of  "green 
water"  that  tended  to  be  noticeably  colder 
than  the  "blue-water"  northerly  flows. 

Atlantic  Oceanographic  and  Meteorolog- 
ical Laboratories  positioned  a  Geodyne 
102-C  current  meter  on  the  landward  flank 
of  Light  Tower  Ridge  from  October  22, 
1973,  to  November  9,  1973,  in  27  m  of 
water  (Fig.  4).  Flow  was  consistently  to  the 
north-northeast  for  the  first  14  days,  except 
for  a  reversal  that  lasted  five  hours.  There 
was  little  correlation  between  the  National 
Weather  Service  wind  records  from  Cape 
Hatteras  and  current  velocity  during  that 
period.  On  the  14th  day,  however,  a  cold 
front  moved  across  the  Middle  Atlantic 
Bight,  exposing  it  to  northeasterly  winds. 
The  current  at  the  light  tower  decelerated, 
reversed,  and  accelerated  to  a  southwesterly 
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Figure  4.  A.  Progressive  vector  diagram  from  Geodyne  102-C  current  meter  mounted  100  cm  off 
sea  floor  between  Light  Tower  Ridge  and  Middle  Ridge.  B.  Time-velocity  record  for  velocity  compo- 
nent in  flow  direction.  Stippled  band  is  envelope  of  threshold  velocities  based  on  Shields  criterion  for 
unidirectional  flow.  C.  Time-velocity  plot  for  velocity  component  transverse  to  main  flow  direction. 


velocity  of  50  cm  sec"'.  Observations  by  the 
vessel  retrieving  the  meter  suggested  lat 
this  current  reversal  was  associated  \.  ith  an 
offshore  shift  of  the  shear  zone  between  :he 
shelf  flow  and  the  Gulf  Stream  as  described 
above. 

Wave  Climate 

Wave-and-swell  conditions  were  among 
the  observations  recorded  at  three-hour 
intervals  at  the  Diamond  Light  12  n  mi  (ap- 
proximately 22  km)  east  of  Cape  Hatteras. 
The  water  depth  at  this  site  is  16.5  m. 
Quantification  of  these  data  suffers  from  a 
random  bias  inherent  in  watch  schedules 
and  crew  rotation.  Under  these  circum- 
stances, various  individuals  enter  height 
and  directional  data.  However,  the  sum- 
mary presented  in  Figurr  j  is  the  result  of 
4,586  observations  during  the  period 
March  1973  through  September  1974,  .  d, 
without  doubt,  the  trends  shown  are  close 
approximations  of  actual  conditions.  These 
data  reveal  a  strong  tendency  for  both 
waves  and  swell  to  transit  the  tower  site 
from  north  to  south.  It  should  be  noted  that 
the  tower  is  evacuated  when  intense  storms 
threaten  the  site,  so  extreme  values  for 
wave  height  cannot  be  recorded.  One  entry 
of  a  13-m  wave  (February  11,  1973)  from 
the  north  has  been  noted,  but  the  critical 
periods  during  intense  storms  remain  unob- 
served. 

SUBSTRATE  RESPONSE  TO  FLOW 

Surficial  Sediment  Pattern 

Grab  samples  were  collected  by  Shipek 
sampler  in  a  radial  pattern  extending  6  km 
from  Diamond  Light.  Position  was  deter- 
mined by  radar  range  and  bearing  from  the 
light  tower.  Navigational  error  varied  from 
20  to  200  m.  The  samples  were  washed, 
dried,  split,  dry  sieved  through  —  14>  and  0<ti 
sieves,  and  finally  wet  sieved  through  a  4<^ 
sieve.  Coarse  fractions,  >  ~\<t)  and  —  1  to 
Ofj)  were  weighed,  and  their  percentage  of 
the  total  sample  was  calculated.  The  0  to 
4(i>  fraction  was  analyzed  with  a  settling 
tube,  and  Inman  parameters  were  calcu- 
lated for  each  sample  (Inman,  1952). 

Sidescan  sonar  and  seismic  records  were 
collected  along  north-south,  east-west,  and 
northeast-southwest  tracklines.  Sidescan 
data  were  obtained  partly  by  means  of  an 
EG&cG  120-kHz  unit  and  partly  by  means 
of  a  Westinghouse  150-  to  160-kHz  side- 
scan  unit.  The  seismic  profiling  system  was 
a  towed  Edo  Western  3.5-kHz  unit.  A  total 
of  520  km  of  trackline  was  examined. 

Grab  samples  of  bottom  sediment,  bot- 
tom photographs,  and  sidescan  sonar  rec- 
ords indicate  that  the  distribution  of  bot- 
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torn  sediment  reflects  the  distribution  of 
first-order  topographic  elements.  The  map 
of  mean  sand  sire  (Fig.  6)  indicates  that 
seaward  flanks  of  sand  ridges  tend  to  be 
composed  of  fine-grained  sand;  crests  and 
landward  flanks  tend  to  be  composed  of 
medium-grained  sand.  Swales  are  more 
variable,  containing  fine  to  very  coarse 
sand.  Bottom  photographs  (C  and  D  in  Fig. 
7)  indicate  that  outcrops  of  stiff  clay,  or 
clay  veneered  with  fine  gravel,  also  occur  in 
the  swales.  Sidescan  records  (Figs.  8,  9B) 
indicate  that  sand  in  swales  tends  to  occur 
in  elongate  ribbons,  separated  by  strips  of 
coarser  sand,  gravel,  or  clay  outcrop.  These 
coarse  strips  strongly  reflect  sound  and  ap- 
pear as  dark  bands  on  the  sidescan  records. 
In  the  inner  part  of  the  study  area,  zones  of 
mottled  bottom  occur  (Figs.  8,  9A).  The 
"mottles'"  appear  to  be  patches  of  coarser 
sand  several  metres  in  diameter.  In  some 
areas  they  appear  to  be  degraded  megarip- 
ples.  Elsewhere  their  origin  is  uncenain. 

A  plot  of  graphic  standard  deviation 
against  graphic  mean  (Inman  parameters  — 
Inman,  1952)  reveals  a  crudely  sinusoidal 
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scatter  (Fig.  10);  see  Folk  and  Ward  (1957) 
and  Inman  (1949)  for  discussions  of  the 
origin  of  such  a  pattern.  Three  grain-size 
provinces  may  be  distinguished  in  Figure 
lOA.  Poorly  sorted,  fine  and  very  fine  sands 
occur  on  the  Franklin  Terrace.  Fine  sand 
occurs  south  of  the  ridges,  whereas 
medium-  and  coarse-grained  sand  occurs 
on  the  shelf  edge  to  the  northeast  of  the 
ridges. 

Sand  in  the  ridge-and-swale  topography 
forms  a  scatter  that  overlaps  with  the 
coarse-  and  fine-grained  shelf  provinces. 
When  plotted  by  themselves,  coarse,  poorly 
sorted  landward  flank  sands  are  clearly  dis- 
tinguished from  fine,  well-sorted  seaward 
flank  sands  (Fig.  lOB).  Trough  samples  are 
both  coarse  and  fine  grained  and  overlap 
both  of  the  other  ridge  provinces. 

Transverse  Bed  Forms 

The  surface  of  the  study  area  comprises  a 
hierarchical  association  of  bed  forms  (Al- 
len, 1968)  —  an  association  in  the  sense 
that  two  basic  species  are  present  (current- 
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Figure  S.  Histogram 
of  wave-and-swell  fre- 
quency and  height  derived 
from  visual  observations 
ac  Diamond  Light  Tower 
off  Cape  Hatteras.  Data 
summarized  from  U.S. 
Coast  Guard  observa- 
tions, March  1973 
through  September  1974. 
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parallel  and  current-transverse  forms),  and 
hierarchical  m  that  the  bed  forms  and  the 
flow  perturbations  responsible  for  them 
occur  at  several  scales. 

Current-transverse  bed  forms  occur  at 
three  scales.  Ripples  exhibit  a  charaaeristic 
spacing  of  10  to  60  cm  (A  and  B  in  Fig.  7). 
They  are  identified  as  current-transverse 
bed  forms  because  they  commonly  have 
well-developed  north-facing  avalanche 
slopes,  although  symmetrical  forms  also 
occur  (Fig.  7F).  Ripples  are  commonly  of 
the  linguoid  variety,  but  they  occasionally 
form  interference  patterns  or  ladderlike 
patterns  in  the  troughs  of  larger  transverse 
bed  forms  (B  and  F  in  Fig.  7).  Larger  scale 
transverse  bed  forms  (3-  to  6-m  spacing, 
Fig.  7B)  will  be  referred  to  in  this  report  as 
megaripples.  They  have  well-developed  av- 
alanche slopes  and  bear  on  their  upcurrent 
sides  linguoid  ripples  with  the  same  north- 
ward sense  of  asymmetry.  Ripples  and 
megaripples  appear  to  compose  two  dis- 
tinct populations  with  little  overlap  in  bed- 
form  spacing.  Sidescan  records  indicate 
sinuous  megaripple  crest  lines.  Ladderlike 
arrays  of  ripples  occur  in  troughs  with  rip- 
ple crest  lines  normal  to  megaripple  crests. 

A  third  scale  of  transverse  bed  forms  will 
be  referred  to  as  dunes.  Dune  spacings 
range  from  100  to  300  m.  Dune  spacing 
does  not  overlap  with  megaripple  spacing. 
However,  for  convenience,  the  term  sand 
wave  will  be  used  as  a  generic  name  for 
these  apparently  related  larger  transverse 
bed  forms.  Dunes  tend  to  have  slip  faces, 
but  these  commonly  occupy  only  part  of  the 
downcurrent  slope  (Figs.  IIA,  12).  Dunes 
tend  to  bear  megaripples  on  both  slopes, 
with  the  megaripples  of  the  downcurrent 
side  distinctly  larger  than  those  of  the  up- 
current  side  (Figs.  11  A,  12).  Megaripples 
on  both  faces  have  the  same  northward 
sense  of  asymmetry  as  do  the  dunes. 
Megaripples  are  locally  aligned  at  oblique 
angles  to  dune  crests  (Fig.  1  lA).  This  angle 
tends  to  disappear  near  the  dune  crest,  a 
phenomenon  attributed  by  Terwindt 
(1971)  to  acceleration  of  the  transverse 
component  of  a  flow  moving  obliquely  over 
the  crest  of  the  dune. 

Fathograms  obtained  during  the  1963 
and  1964  U.S.  Coast  and  Geodetic  Survey 
Explorer  cruises  reveal  a  field  of  dunes 
ranging  in  height  from  2  to  8  m  (Fig.  13). 
Shoran,  a  range-range  electronic  navigation 
system,  provided  an  accuracy  of  ±50  m 
over  the  inner  shelf  for  this  survey.  The  av- 
erage line  spacing  is  100  m,  with  greater 
line  spacing  farther  seaward.  We  have  plot- 
ted crest-line  positions  from  the  fathograms 
(see  Fig.  13B);  they  are  shown  in  Figure 
14A. 

In  the  area  of  maximum  sand-wave 
amplitude  (Fig.  14B),  there  is  a  suggestion 
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Figure  6.  Mean  Inman  <j)  grain-size  map  based  on  analysis  of  the  sand  fraction.  Sample  locations 
are  shown  for  a  sample  net  including  1970  samples  and  samples  from  niiiip  Sears  taken  from  R/V 
Eastward,  1971. 


of  a  fourth  order  of  transverse  bed  form  in 
the  fact  that  large  dunes  tend  to  occur  in 
distina  sets  of  two  to  four  dunes  per  set 
(Fig.  13A).  In  the  bathymetric  map  of  Fig- 
ure 14 A,  two  dune  sets  are  shown  as  single 
ridges,  perturbing  the  outline  of  Light 
Tower  Ridge  as  defined  by  the  18-m  (60-ft) 
contour. 

Significance  of  Transverse  Bed  Forms. 
Allen  (1968,  p.  68)  suggested  that  the  fea- 
tures we  describe  as  ripples  are  the  conse- 
quence of  transverse  flow  penurbations 
within  the  logarithmic  boundary  layer, 
whereas  the  large  sand  waves  are  responses 
to  transverse  perturbations  of  much  or  all 
of  the  entire  flow.  McCave  (1971)  observed 
smaller  sand  waves  (our  megaripples) 
climbing  the  backs  of  larger  sand  waves 
(our  dunes)  in  the  tidal  sand-wave  field  of 
the  Dutch  coast.  He  cited  Kennedy's  (1969) 
interpretation  fo  the  dual  pattern,  wherein 
the  megaripples  are  primarily  responses  to 
bed-load  transport  characterized  by  rela- 
tively short  particle  trajeaories,  whereas 
the  dunes  are  the  response  of  the  substrate 
to  suspensive  sand  transport  and  have 
longer  particle  trajectories.  This  explana- 
tion is  in  harmony  with  our  observation  of 
differing  sizes  of  megaripples  on  the  upcur- 
rent  and  lee  sides  of  the  dunes.  The  dunes, 
composed  of  finer  sand  carried  mainly  in 
suspension  from  the  upstream  dune,  would 
develop  small  megaripples  on  their  backs  in 
response  to  the  increase  in  bottom  shear 


).o  m  1.0  M 

Figure  7.  Photographs  taken  from  the  RA'  Eastward,  1973.  A.  1  ypical  ripples  within  sand-wave  field.  Ripples  are  about  60  cm  long  and  10  cm  high.  B. 
Small  ripples  superimposed  on  larger  megaripples  (see  Figs.  14,  16).  C.  Section  of  main  swale  floored  by  coarse  gravd  and  sheO  hash.  D.  Exposure  of  clay 
substrate  beneath  sand  sheet.  E.  Grave!  street  exposed  between  sheets  of  fine  sand.  F.  Small  symmetrical  north-trending  oscillation  ripples  on  crest  of  Light 
Tower  Ridge.  There  is  also  indication  of  east-trending  current  ripples  showing  as  secondary  feature.  For  photograph  key,  see  Figure  8. 
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toward  the  dune  crest.  Fine  sand  would  be 
stored  in  these  megaripples  until  it  is  swept 
on  to  the  next  dune.  Megaripples  below  the 
dune  slip  face,  in  the  zone  of  highly  turbu- 
lent flow  reattachment,  would  consist  of 
coarser  sand  and  would  be  larger  in  scale, 
since  grain  size  is  a  primary  control  of  rip- 
ple size  (Allen,  1968,  p.  68).  ■ 

Sand  waves  occur  primarily  on  ridge 
crests  and  flanks  and  also  at  the  head  of  the 
main  trough.  Our  data  are  not  adequate  to 
explain  their  distribution,  but  the  con- 
straints probably  include  (1)  sand 
sufficiently  deep  for  their  construction,  as 
determined  by  the  primary  ridge  topog- 
raphy, (2)  sand  sufficiently  coarse  that  an 
appreciable  portion  will  travel  as  bed  load, 
and  (3)  a  sufficient  frequency  of  flows 
above  a  critical  threshold.  In  the  main 
sand-wave  field,  the  dunes  attain  heights 
greater  than  7  m.  McCave  (1971)  used  an 
equation  of  Kennedy  (1969)  to  indicate  that 
dunes  of  similar  height  in  similar  water 
depth  are  at  the  equilibrium  height  relative 
to  a  reversing  tidal  flow  field. 

We  note  that  Light  Tower  Ridge,  unlike 
Middle  Ridge,  is  devoid  of  sand  waves  (Fig. 
14A).  At  a  depth  of  16  m,  the  crest  of  this 
shelf-edge  ridge  may  become  a  breaker  zone 
for  oceanic  waves  during  major  storms,  and 
breaking  waves  have  in  fact  been  reported 
by  the  Light  Tower  crew  during  storms,  al- 
though the  tower  is  usually  evacuated  be- 
fore storms  become  that  intense.  Recent 
wave  data  from  the  Light  Tower  include  a 
period  of  12-sec  waves  during  February 
1973  in  which  wave  heights  were  on  the 
order  of  13  m.  Such  waves  would  create 
surf  or  near-surf  conditions  on  Light  Tower 
Ridge  and  would  probably  destroy  all  sand 
waves.  Middle  Ridge  is  screened  by  Light 
Tower  Ridge  from  the  full  force  of  oceanic 
waves,  but  we  note  that  sand  waves,  al- 
though observed  there  by  the  1963  survey, 
were  absent  in  the  1973  survey.  The  wave 
climate  probably  sets  an  upper  limit  on 
both  sand-wave  and  sand-ridge  amplitudes. 

Longituditial  Bed  Fonns 

Sand  Ribbons.  Strips  of  sand  as  much  as 
200  m  wide  occur  between  Light  Tower 
Ridge  and  Middle  Ridge,  parallel  to  the 
axis  of  the  trough  (Figs.  8,  9B).  They  ex- 
hibit relief  only  to  the  extent  that  they  bear 
megaripples  on  their  backs.  These  features 
are  inferred  to  be  sand  ribbons,  analogous 
to  the  current-parallel  sand  ribbons  de- 
scribed by  Kenyon  (1970)  from  the  tidal 
shelf  around  Great  Britain. 

Sand  Ridges.  The  regional  pattern  of 
ridges,  and  swales  in  the  study  area  has  been 
described  in  the  Introduaion.  TTie  internal 
structure  of  this  topography  has  been  ob- 
served by  means  of  seismic  profiling  (Fig. 
15).  The  records  show  that  the  surficial 
sand  sheet  with  its  ridge-and-swale  topog- 
raphy rests  on  a  refleaing  surface  that  is 
locally  exposed  in  the  floor  of  the  trough. 
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Figure  8.    Composite  of  sidescan  records  and  locations  of  other  illustrations.  Lateral  width  of  track 
lines  exaggerated  four  times  for  clariry.  Positions  of  other  illustrations  are  indicated. 


Photographs  of  these  exposures  reveal  a 
gravelly  sea  floor  (Fig.  7C),  and  samples  of 
the  gravel  commonly  contain  clay  clasts. 
One  photo  reveals  an  outcropping  ledge  of 
clay  (Fig.  7D).  A  single  vibracore  in  the 
trough  between  Light  Tower  Ridge  and 
Middle  Ridge  revealed  a  few  decimetres  of 
fine  gravel  over  more  than  2  m  of  silty  clay 
(H.  Palmer,  1975,  unpub.  data). 

North  of  the  study  area,  a  similar 
gravel-veneered,  clayey  stratum  underlies 
the  surficial  sand  sheet  of  which  the  ridge- 
and-swale  topography  is  composed. 
Radiocarbon  dates  and  vibracores  indicate 
that  it  is  an  inner  shelf  deposit  associated 
with  the  withdrawal  of  the  sea  at  the  onset 
of  the  late  Wisconsinan  ice  advance  of 
20,000  to  30,000  B.P.  (Sears,  1973; 
Shideler  and  others,  1972). 

Significance  of  Longitudinal  Bed  Forms. 
Analytical  models  for  the  genesis  of  trans- 
verse bed  forms  are  available  (for  example. 
Smith,  1970),  and  their  behavior  is 
reasonably  well  understood.  The  genesis 
and  behavior  of  longitudinal  bed  forms  is 
not  as  well  understood.  Current-parallel 
bed  forms  may.  represent  zones  of  near- 
bottom  flow  convergence,  or  at  least  zones 
of  reduced  flow  competence.  Theoretical 
investigations  into  fluid  dynamics  suggest 
that  strong  geostrophic  currents  associated 
with  winter  storms  may  indeed  experience 
structured  flow,  in  which  current-parallel 
zones  of  upwelling  alternate  with  zones  of 
downwelling  so  that  the  flow  is  partitioned 
into  current-parallel  helical  flow  cells  of  al- 
ternating right-  and  left-hand  sense  of  rota- 
tion (Faller,  1963,  1971;  Faller  and  Kaylor, 
1966).  More  recently,  Gammelsrod  (1975) 


has  shown  that  Couette-like  currents  such 
as  those  of  the  inner  shelf,  which  do  not 
have  a  significant  Coriolis  term  in  their 
equation  of  motion,  may  also  experience 
cellular  flow  structure. 

Experiments  have  not  yet  been  designed 
to  observe  such  flow  in  the  field,  and  it  is  by 
no  means  clear  that  the  bed  forms  of  the 
study  area  are  responses  to  structured  flow 
of  this  type.  The  thin,  well-defined  charac- 
ter of  the  sand  ribbons  suggests  that  they 
are  the  most  likely  to  have  been  formed  by 
the  helical  flow  mechanism.  The  response 
time  of  a  bed  form  is  a  function  of  the  vol- 
ume of  sand  it  contains,  and  the  thin  sand 
ribbons  may  be  responses  to  a  single  storm, 
or  season  of  storms. 

The  sand  ridges  are  more  difficult  to  as- 
sess. It  has  been  argued  elsewhere  (Swift 
and  others,  1973)  that  the  ridge  topography 
of  the  Middle  Atlantic  Bight  is  a  very  long 
term  response  to  flow,  in  that  ridges  were 
initiated  after  passage  of  the  shoreline  at  the 
onset  of  the  Holocene  transgression  and 
have  continued  to  grow  as  the  shoreline  re- 
ceded and  the  water  column  deepened.  The 
sand  ridges  in  this  scheme  are  responses  to 
many  thousands  of  storm  seasons,  in  which 
the  flow  pattern,  either  of  the  kind  de- 
scribed above  or  of  some  unknown  kind, 
has  shaped  the  ridges.  The  ridges  would  in 
turn  have  determined  the  pattern  of  flow 
during  major  flow  events. 

The  Hatteras  ridges  compose  the  south- 
ernmost part  of  the  central  Atlantic  shelf 
ridge  topography  for  which  this  hypothesis 
has  been  proposed  (see  map  of  Goldsmith 
and  others,  1974).  However,  they  exhibit 
some  characteristics  that  shed  new  light  on 
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Figure  11.    Sidescan  sonar  profiles  keyed  to  Figure  8.  A.  Three  wave  forms  detectable  with  sidescan  • 
megaripples  (see  Figs.  ISB,  16).  B.  Megarippies  without  dunes. 


the  problem  of  ridge  genesis.  They  retain 
the  asymmetry  noted  in  nearshore  ridges; 
the  seaward  flanks  are  steeper  and  finer 
grained  than  the  landward  flanks,  despite 
the  faa  that  they  have  been  isolated  on  the 
outer  shelf  for  many  thousands  of  years 
since  the  passage  of  the  shoreline.  The 
asymmetry  suggests  that  the  ridges  are  re- 
sponding as  sand  waves  to  a  cross-ridge 
component  of  flow  (Smith,  1969.  1970), 
with  greater  shear  stress  being  experienced 
on  the  upcurrent  (northwestern)  than 
downcurrent  (southeastern)  slope.  Such  be- 
havior is  compatible  with  the  cellular  flow 
hypothesis,  if  the  flow  cells  are  skewed  with 
respect  to  the  mean  flow  direction  (Faller, 
1963;  Lilly,  1966;  Gammelsrod,  1975). 
The  question  arises  whether  this  asym- 


metry is  maintained  by  the  modern  hydrau- 
lic regime  or  is  an  inheritance  from  a  period 
when  the  ridges  were  forming  on  the  inner 
shelf.  It  can  be  completely  answered  only  by 
a  program  of  sustained  hydraulic  observa- 


■  dunes,  stoss-side  megaripples,  and  lee-side 

tion.  However,  the  character  of  the  sea 
floor  provides  some  clues.  The  ridges  have 
not  been  flattened  in  the  millenia  since 
transgression,  nor  have  the  troughs  been 
filled;  ridges  rise  as  much  as  10  m  beside 
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Figure  12.    Generalized  profile  of  sand  wave  from  Light  Tower  sand-wave  field  (compare  with  Fig. 
lOA). 
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Figure  13.  Northeast-southwest  bathymetric  profile  normal  to  crest  lines  across  Light  Tower 
sand-wave  field.  Note  sand-wave  groups  that  appear  as  single  shoals  on  contour  maps.  B.  Example  of 
correlation  of  three  successive  profiles  across  wave  field.  Wave  forms  have  been  rectified,  and  indi- 
vidual crests  are  correlated  between  track  lines  at  100-m  spacing.  Variation  in  profile  lengths  is  due  to 
differences  in  speed.  From  U.S.  Coast  and  Geodetic  Survey  records,  1963,  smooth  sheet  H-8808. 


troughs,  exposing  bare  or  gravel-armored 
cohesive  substrate. 

The  orthogonal  relationship  of  sand 
ridges  to  sand  waves  implies  that  they  are 
products  of  the  same  flow.  The  sand  waves, 
with  their  well-defined  slip  faces,  are  clearly 
responses  to  modern  flow,  and  they  are  al- 
most as  high  as  the  ridges.  This  suggests 
that  the  power  expended  during  peak-flow 
events  is  adequate  to  build  and  maintain 
flow-parallel  ridges  as  well  as  flow- 
transverse  sand  waves. 

CHARACTER  OF 
SEDIMENT  TRANSPORT, 
HATTERAS  OUTER  SHELF 

Direction  of  Sand  Transport 

The  direction  of  sand  transport  through 
the  study  area  is  problematic.  Published 
studies  indicate  that  southward  water  and 
sand  transport  is  characteristic  of  the  Mid- 
dle Atlantic  Bight  (see  next  section).  Some 
of  our  observations  in  the  study  area 
suggest  that  the  southerly  transport  prevails 
here  also.  Erosion  of  north-facing  slopes 
and  deposition  on  south-facing  slopes  of 
Diamond  Shoals  suggests  southward  sand 
transport  (Swift  and  others,  1972;  Fig.  16). 


The  sequence  of  facies  down  the  main 
trough  in  north  to  south  order,  from  bare 
gravel  and  sand  ribbons  to  sand  waves  to 
smooth  fine  sand,  is  the  characteristic 
downstream  facies  succession  reported 
from  the  sand  transport  paths  around  the 
British  Isles  by  Belderson  and  others 
(1971).  Both  ridge  crest  lines  and  trough 
thalwegs  tend  to  shoal  toward  the  south,  as 
they  do  in  areas  where  southerly  sand 
transport  prevails  (Swift  and  others,  1972). 
Because  of  the  rotating  stylus  used  in  the 
1963  surveys,  dune  asymmetries  cannot  be 
reliably  determined  (Fig.  13),  but  we  note 
that  dune  crest  lines  in  the  main  trough  are 
slightly  convex  to  the  south  (Fig.  14A).  The 
looping  pattern  suggests  southward  flow, 
with  the  most  intense  flow  occurring  in  the 
trough  axis.  The  prevailing  northerly 
wave-and-swell  regime  indicates  that  the 
wave-driven  component  of  sand  transport 
must  be  from  north  to  south.  However, 
current-ripple  and  sand-wave  asymmetries 
observed  on  our  two  cruises  and  current- 
meter  observations  on  our  second  cruise 
clearly  indicate  northward  flow. 

Until  further  long-term  current  mea- 
surements can  resolve  this  dilemma,  we  ten- 
tatively conclude  that  the  flows  responsible 
for  the  topography  are  reversing.  The  re- 


gional morphologic  pattern  and  flow  ob- 
seirations  elsewhere  in  the  Middle  Atlantic 
Bight  lead  us  to  infer  that  the  dominant 
flows  are  southward  geostrophic  storm 
flows.  We  note,  however,  that  the  main 
shear  zone  between  the  Gulf  Stream  and  the 
shelf  water  tends  to  move  in  over  the  study 
area  when  the  southerly  shelf  flow  is  not 
strong  enough  to  keep  it  out  (Fig.  3).  The 
sharp  nature  of  asymmetrical  current  rip- 
ples in  our  bottom  photographs  suggests 
that  such  a  Gulf  Stream  transgression  had 
just  transpired,  although  it  apparently  was 
no  longer  in  progress;  we  see  no  indication 
of  grain  movement  in  the  photos.  Reversing 
flows  may  explain  the  limited  slip  face  de- 
velopment on  the  dunes  (Figs.  IIA,  12); 
such  forms  would  presumably  have  their 
sense  of  asymmetry  reversed  by  each  sus- 
tained flow.  Sidescan  sonar  data  from  a 
November  1974  cruise  indicate  that  dunes 
in  the  Light  Tower  Ridge  field  did  attain  at 
that  time  the  classic  "sawtooth"  form  in 
which  the  slip  face  reaches  the  trough. 

Regional  Sand  Transport  Pattern 

Our  observations  suggest  to  us  that  our 
study  area  is  a  key  sector  in  the  regional 
pattern  of  sand  transport.  Inferential  evi- 
dence for  southward  sand  transport  in  the 
Middle  Atlantic  Bight  occurs  as  far  north- 
ward as  Long  Island  (Swift  and  others, 
1972,  p.  561-565).  The  study  of  Beardsley 
and  Butman  (1974)  suggests  that  strong 
geostrophic  coupling  of  water  flow  with 
wind  flow  results  in  southward  water 
transport  m  the  Middle  Atlantic  Bight. 
Measurements  of  water  and  sand  transport 
off  the  coasts  of  Long  Island  (Lavelle  and 
others,  1976),  New  Jersey  (DeAlteris  and 
others,  1976),  and  on  the  Maryland  coast 
(Moody,  1964;  Palmer  and  Wilson,  1975) 
suggest  a  southerly  transport  direction. 
However,  the  floor  of  the  Middle  Atlantic 
Bight  is  partitioned  by  transverse  shelf  val- 
leys that  would  serve  as  sand  traps,  and  it 
appears  unlikely  that  any  single  grain  has 
traversed  an  appreciable  part  of  this  dis- 
tance since  the  Holocene  transgression  be- 
gan. 

The  shelf  shoals  and  narrows  toward 
Cape  Hatteras,  and  the  bed-form  pattern  of 
Figures  2  and  14A  suggests  that  the  domi- 
nant direction  of  sand  transport  obliquely 
intersects  the  shelf  edge  within  the  study 
area.  According  to  the  recent  study  by  Horn 
and  others  (1971),  the  sediments  of  abyssal 
plains  west  of  the  Mid-Atlantic  Ridge  are 
derived  from  only  two  sources,  the  Hudson 
and  Hatteras  Canyons  systems.  The  ances- 
tral Hudson  River  unquestionably  dis- 
charged directly  into  the  Hudson  Canyon 
during  Pleistocene  low  stands  of  the  sea, 
and  the  Pamlico-Albemarle  River  systems 
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Fig.  14.  Sand-wave 
maps  from  U.S.  Coast  and 
Geodetic  Suney  smooth 
sheet  H-8808,  1963. 
Light  Tower  Ridge  is  en- 
closed 60-ft  contour  to 
right.  A.  Crest  lines  of 
major  sand  waves  corre- 
lated from  original 
fathograms  as  demon- 
strated in  Figure  4B.  Lines 
have  been  smoothed  for 
small  navigational  errors. 
Solid  lines  are  definite 
correlations,  and  dotted 
lines  are  possible  correla- 
tions in  areas  of  poor 
data.  Note  general 
southward  convexity  of 
crest  lines  and  absence  of 
sand  waves  on  Light 
Tower  Ridge.  B.  Average 
sand-wave  heights  within 
sand-wave  field.  Arbitrary 
limits  occur  where  bottom 
rehef  cannot  be  filtered 
from  wave  noise. 
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Figure  IS.  Cross-shelf  profile  north  of  main  sand-wave  field  based  on  3.S-kHz  seismic  profiles, 
grab  samples,  and  photographs.  Areas  of  sandwaves  are  shown  on  surficial  sand  sheet  as  well  as  rela- 
tion of  ridges  to  pre-Holocene  substrate.  Bathymetry  is  from  the  U.S.  Coast  and  Geodetic  Survey 
smooth  sheet  H-8808,  1963.  ,, 
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Figure  16.  Net-change  map  of 
Diamond  Shoals,  1953  to  1963. 
After  Swift  and  other  (1972).  Note 
erosion  on  north  slope  and  deposi- 


V  tion  on  south  slope. 


lliin     10  FEET  OF  EIOSION       r=  10  FEET  OF  DErOSITION 
—  40  FOOT  CONTOUR  0*63)        DATA  BOUNDARIES 


may  likewise  have  discharged  into  the  Hat- 
teras  Canyon  system  during  low  stands. 
Diamond  Shoals  in  fact  may  have  been  in- 
itiated as  a  low-stand  cuspate  delta  ances- 
tral to  Cape  Hatteras,  although  it  has  since 
clearly  led  an  independent  existence  as  a 
cape  extension  shoal,  focusing  wave  energy 
on  and  being  nourished  by  its  associated 
cuspate  foreland  (Swift  and  Sears,  1974). 

However,  our  observations  lead  us  to 
suggest  that  since  the  beginning  of  the 
Holocene  transgression,  a  significant  part 
of  the  surficial  sand  sheet  of  the  shelf  to  the 
north  has  been  delivered  to  the  shelf  edge  of 
the  study  area.  Rona  (1970)  noted  that  the 
heads  of  the  Hatteras  and  tributary  canyons 
on  the  upper  slope  off  Cape  Hatteras  are 
buried  beneath  a  cap  of  foraminifera-rich 
silt  raining  out  of  the  Gulf  Stream.  Sand  de- 
livered to  the  zone  of  reversing  flow  at  shelf 
edge  does  not  therefore  bypass  direaly  into 
the  canyons  at  present;  it  must  instead  mix 
with  the  fine,  relatively  "sticky"  pelagic  ma- 
terial and  cause  the  slope  to  prograde.  Such 
shelf-edge  progradarion  has  been  inferred 
for  the  northern  North  Carolina-Virginia 


shelf  from  seismic  records  by  Shideler  and 
Swift  (1972)  and  by  Mclntyre  and  Milli- 
man  (1970). 
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Geophysical  Assessment 

of  Submarine  Slide 

Northeast  of  Wilmington  Canyon 


BONNIE  A.  McGregor* 


Abstract  As  part  of  a  National  Oceanic  and  Atmospheric  Ad- 
ministration (NOAA)  program  to  understand  bottom  and  near- 
bottom  processes  on  the  continental  margin,  the  continental  slope 
seaward  of  the  coast  of  Delaware,  just  east  of  the  Baltimore 
Canyon  Trough,  and  northeast  of  Wilmington  Canyon  was  studied 
in  detail.  With  a  suite  of  geophysical  data,  a  7.5  x  13.0-km  portion 
of  the  continental  slope  was  surveyed  and  found  to  be  composed 
of  a  large  submarine  slide,  approximately  11  km'  in  volume.  The 
slide  varies  from  50  to  300  m  in  thickness  and  is  believed  to  be 
composed  of  Pleisto:;ene  Age  sediments.  The  internal  structure  of 
the  continental  slope  can  be  seen  on  the  seismic  reflection  profiles, 
as  well  as  the  readily  identifiable  continuous  slip  surface.  Pliocene 
to  Cretaceous  horizons  comprise  the  continental  margin  with  Plio- 
cene to  Eocene  horizons  truncated  at  the  slip  surface.  Sediment 
failure  occurred  on  the  slope  between  the  late  Tertriary  erosion 
surface,  which  shaped  the  continental  margin,  and  the  overlying 
Quaternary  sediments.  A  mechanism  suggested  to  have  contributed 
to  the  sediment  failure  is  a  late  Pleistocene  lower  stand  of  sea 
level.  Creep  of  surficial  sediments  is  believed  to  be  active  on  the 
surface  of  the  submarine  slide,  indicating  present-day  instability. 

Introduction 

The  NOAA  program  on  Rational  Use  of  the  Seafloor  (RUSEF)  of  the 
AOML  Marine  Geology  and  Geophysics  Laboratory  is  designed  to  study 
bottom  and  nearbottom  processes  active  on  the  continental  margin.  Our 
understanding  of  the  continental  margin  has  been  based  historically  on 
seismic  reflection  profiles  oriented  perpendicular  to  the  continental  margin, 
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Figure  1.  Index  map  of  the  study  area.  Bathymetric  contours  are  from 
Uchupi  (1970). 

such  as  the  work  of  Uchupi  and  Emery  (1967).  The  RUSEF  program  has 
collected  seismic  reflection  data  on  five  lines  parallel  to  the  continental 
margin  on  the  outer  shelf,  upper  and  lower  slope,  and  rise,  with  about  a 
20-km  separation  between  the  lines,  extending  from  Hydrographer  Canyon, 
Georges  Bank  area,  to  Cape  Canaveral,  Florida  (McGregor  et  al.,  1975, 
1976).  Transects  consisting  of  four  piston  cores  sampling  the  outer  shelf, 
slope,  and  rise,  were  spaced  80-100  km  apart  along  the  margin.  The 
piston  cores  are  currently  being  analyzed  by  Dr.  Larry  Doyle  of  the  Uni- 
versity of  South  Florida  and  Dr.  Orrin  Pilkey  of  Duke  University  (Doyle 
et  al.,  1975).  The  laboratory  analyses  of  the  pilot  cores  are  being  made 
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at  AOML.  From  the  seismic  data,  the  mineralogy  of  the  piston  cores,  and 
the  geotechnical  properties  of  the  pilot  cores,  variations  in  the  sedimenta- 
tion pattern  parallel  to  the  margin  are  assessed.  Areas  in  which  bottom 
processes  have  affected  the  sedimentation  pattern  are  studied  in  more 
detail. 


BATHYMETRY  CONTINENTAL  SLOPE  NE  OF  WILMINGTON  CANYON 
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Figure  2.  Bathymetry  of  the  continental  slope.  Data  in  corrected  meters 
(Matthews,  1939)  with  a  10-m  contour  interval  (McGregor  and  Bennett, 
1977). 

The  continental  margin  seaward  of  New  Jersey  and  Delaware  in  the 
vicinity  of  Wilmington  Canyon  is  a  region  of  dynamic  bottom  processes 
(Figure  1).  The  continental  slope  northeast  of  Wilmington  Canyon  has 
been  dissected  by  many  smaU  valleys  (Figure  2)  and,  judging  from  a 
contour  map  (Wear  et  al.,  1974),  many  areas  of  the  slope  have  been 
affected  by  small-scale  slumping.  This  portion  of  the  slope  (Figure  .1) 
was  studied  in  detail  using  narrow-beam  echo  sounding  (NBES),  3.5  kHz, 
and  air-gun  reflection  data.  The  NBES  survey  using  Loran  C  and  satellite 
navigation  with  0.5-km  track  line  spacing  (Figure  3)  was  conducted  to 
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Figure  3.     Track  chart  showing  location  of  data. 

delineate  the  morphology  of  the  slope  in  this  region.  The  dashed  track 
lines  (Figure  3)  are  locations  of  seismic  reflection  profiles.  An  air  gun 
with  a  40-in^  chamber  was  used  as  a  sound  source  with  a  Teledyne  50- 
element  hydrophone  receiver.  On  line  A,  the  sound  source  consisted  of 
two  air  guns  with  chambers  10  and  120  in^.  The  returning  signal  was 
filtered  at  80-205-Hz  frequency.  Bottom  samples  in  this  integrated  study 
are  discussed  by  Bennett  et  al.  ( 1976). 

The  bathymetry  (Figure  2)  of  the  continental  slope  northeast  of  Wilm- 
ington Canyon  between  500  and  1600  m  has  been  contoured  with  water 
depths  in  corrected  meters  (Matthews,  1939).  The  slope  has  been  dissected 
by  a  large  valley  on  the  northeast,  as  well  as  by  several  smaller  valleys 
which,  in  some  cases,  extend  down  across  the  slope.  Wilmington  Canyon 
is  just  to  the  southwest  of  the  survey  area.  The  average  seafloor  slope 
is  approximately  8°;  however,  the  slope  is  considerably  greater  in  the 
vicinity  of  the  valleys.  The  broadening  of  the  area  between  the  1000-  and 
1100-m  contour  is  suggestive  of  slumping  and  represents  the  head  of  a 
large  submarine  slide,  which  is  present  on  the  slope  extending  as  far  as 
the  valley  on  the  northeast.  From  the  seismic  reflection  profiles,  the  areal 
extent  of  the  sediment  failure  as  well  as  the  internal  characteristics  of  the 
slide  can  be  determined. 
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Figure  4.  Photographs  of  original  seismic  reflection  records  perpendicular  to 
the  slope.  See  Figure  2  for  locations.  X's  refer  to  the  location  of  line  crossings. 
Depths  measured  in  meters  and  two-way  travel  time  in  seconds. 
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Figure  5.  Photographs  of  original  seismic  reflection  records  perpendicular  to 
the  slope.  See  Figure  2  for  locations.  X's  refer  to  the  location  of  line  crossings. 
Depths  are  in  meters  and  two-way  travel  time  in  seconds. 
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Seismic  Reflection  Data 

A  series  of  seismic  reflection  profiles  parallel  and  perpendicular  to  the 
continental  margin  (Figure  2)  shows  the  sedimentary  sequence  and  internal 
structure  of  the  continental  slope.  Figures  4  and  5  present  the  profiles 
perpendicular  to  the  slope,  showing  the  internal  structure  of  the  margin 
and  the  submarine  slide.  Depth  in  meters  and  two-way  travel  time  in 
seconds  are  shown  for  each  line.  The  slump  block  varies  in  thickness  from 
50  to  300  m  between  800  and  1500  m  water  depth.  The  slip  surface 
labeled  S  (Figure  6)  can  be  seen  on  all  the  profiles.  The  lateral  extent 
of  the  slide  can  be  determined  on  the  profiles  parallel  to  the  slope  (Figures 
7  and  8).  The  slip  surface  (S)  is  continuous  on  each  of  the  profiles  across 
a  portion  of  the  slope  (Figure  9).  Numbers  and  X's  refer  to  the  crossing 
location  of  the  profiles. 

Reflecting  horizons  are  present  within  the  slump  block  above  the  slip 
surface  (S),  but  are  not  continuous  over  long  distances  (Figure  9). 
Horizons  (labeled  B,  C,  D)  are  more  continuous  and  slope  seaward 
truncating  at  the  slip  surface  (Figure  6).  These  are  part  of  the  older 
stratigraphic  sequence,  which  forms  the  framework  of  the  continental 
margin.  The  internal  structure  of  the  submarine  slide  can  be  seen  in  Figures 
4  and  5.  A  zone  of  acoustically  transparent  material  approximately  100  m 
thick  is  present  at  the  base  of  the  slump  block.  Lines  5  and  6  in  Figure  4 
show  patchy  reflectors  in  this  zone.  Stratified  sediments  are  present  above 
the  transparent  zone.  As  mentioned  previously,  these  horizons  are  discon- 
tinuous and  have  an  irregular  surface  in  some  cases  (Figures  6  and  9). 
The  surface  of  the  slide  itself  is  irregular,  cut  by  small  valleys  (Figure  9), 
and  deformed  as  a  result  of  the  mass  movement  (Figure  6).  Near  the 
head  of  the  slump  block  toward  the  base  of  the  scar,  interpreted  as  such 
from  the  thinning  of  sediments  and  change  in  the  angle  of  the  slope,  the 
sediments  are  jumbled  and  the  surface  irregular,  suggestive  of  tensional 
forces  and  rotation  of  the  sediments  (Figures  4  and  5).  Similarly,  on  line  7 
in  Figure  4  the  sediments  are  pushed  up  near  the  toe  of  the  slide  thereby 
suggesting  compressional  forces.  The  contorted  beds  at  the  head  and  toe 
of  the  slide  are  similar  to  those  shown  by  Lewis  (1971),  characterizing 
the  Kidnapper  Slump  off  New  Zealand. 

Shallow  penetration,  high-resolution  3.5-kHz  data  show  the  structures 
in  the  upper  100  m  of  the  submarine  slide.  Figure  10  is  a  photograph  of 
the  original  record  along  line  5.  Distorted  sediments  at  the  head  of  the 
slump  are  present.  A  thin  veneer  of  sediments  is  located  on  the  slope 
above  the  slide.  Stratigraphic  horizons  within  the  continental  margin  can 
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Figure  6.     Line  drawing 
of  profiles  perpendicular 
to  the  margin.  X's  refer  to 
location  of  line  crossings. 
S  (slip  surface);  B,C,D 
are  identifiable  stratigraphic 
horizons  (McGregor  and 
Bennett,  1977). 
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Figure  7.  Photographs  of  original  seismic  reflection  records  parallel  to  the 
slope.  See  Figure  2  for  location.  X's  refer  to  the  location  of  line  crossings. 
Depths  are  in  meters  and  two-way  travel  time  in  seconds. 

be  seen  truncating  very  close  to  or  at  the  seafloor.  A  change  in  slope  of 
the  seafloor  occurs  between  the  steeper  scar  and  the  lower  angle  of  the 
top  of  the  slide.  The  shallow  penetration  data,  as  well  as  the  seismic 
reflection  data,  define  the  geophysical  character  of  this  submarine  slide. 

Discussion 

This  study  provides  very  detailed  seismic  reflection  information  of  a 
submarine  slide.  From  the  data,  the  area  and  the  volume  of  the  slump 
block  can  be  calculated  as  approximately  68  km-  and  1 1  km^,  respectively. 
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Figure  8.  Photographs  of  original  seismic  reflection 
records  parallel  to  the  slope.  See  Figure  2  for  location. 
X's  refer  to  the  location  of  line  crossings.  Depths  are  in 
meters  and  two-way  travel  time  in  seconds. 

This  is  a  large  slide  comparable  to  the  Ranger  Submarine  Slide  off  Baja, 
California  (Normark,  1974),  and  to  massive  slides  found  in  the  strati- 
graphic  record  on  land  (Rupke,  1976). 

The  profiles  permit  determination  of  the  seafloor  slope  for  different 
portions  of  the  slide.  The  present  surface  of  the  slide  has  a  generalized 
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Figure  10.    Photograph  of  original  3.S-kHz  record  along  line  S. 

slope  of  3°  to  5°,  and  the  scar  above  the  slide  has  a  slightly  steeper 
angle  of  9°  to  14°.  Steeper  seafloor  slopes  are  present  in  localized  areas 
on  the  bathymetric  map  (Figure  2).  The  angle  of  the  surface  forming 
the  sole  of  the  slide  is  about  7°  (Figures  4  and  5). 

The  acoustically  transparent  sediments  directly  above  the  slip  surface 
(Figures  4  and  5)  may  be  attributable  to  the  homogenization  of  sediments, 
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destroying  any  preexisting  stratification.  Rupke  (1976)  reported  deformed 
and  homogenized  sediments  in  slump  sheets  studied  in  the  southwestern 
Pyrenees.  Another  possible  origin  of  the  nonstratified  zone  is  a  mudflow 
associated  with  the  slide.  In  the  Sunda  Arc  region,  Moore  et  al.  (1976) 
interpret  a  basal  nonstratified  zone  as  representative  of  a  mudflow.  Material 
downslope  and  continuous  with  the  zone  was  found  to  bury  channels  and 
contain  mud  volcanoes.  Available  data  in  the  Wilmington  Canyon  area 
do  not  indicate  that  the  unstratified  basal  zone  of  the  slide  is  a  mudflow; 
however,  this  possibility  should  not  be  ruled  out. 

The  age  of  sediments  is  important  in  establishing  the  time  the  sediment 
failure  occurred.  To  the  north  of  this  area  reflecting  horizons  within  the 
continental  slope  truncate  at  the  seafloor,  indicating  that  the  continental 
slope  represents  a  late  Tertiary  erosion  surface  (Uchupi  and  Emery, 
1967).  Correlation  of  reflecting  horizons  with  Heezen  et  al.  (1959), 
Kelling  and  Stanley  (1970),  and  Sheridan  (1975)  suggests  that  horizon 
B  represents  the  base  of  the  Miocene,  C  the  Eocene,  and  D  the  top  of  the 
Cretaceous  (Figures  6  and  9).  The  age  of  a  truncated  reflecting  horizon 
near  the  top  of  the  slope  (Figures  6,  9,  and  10)  is  interpreted  to  be 
Pliocene.  The  age  of  the  slip  surface  is  believed  to  be  late  Pliocene  or 
Quaternary,  as  it  is  superimposed  on  truncated  horizons  interpreted  to  be 
Tertiary.  Late  Pleistocene  material  was  recovered  in  40'  piston  cores  in 
the  surface  of  the  slide  (Stefan  Gartner,  personal  communication,  1975). 
On  the  basis  of  the  age  of  the  slip  surface  and  the  cored  material,  the 
slump  block  is  believed  to  be  Pleistocene. 

Sediment  failure  on  the  slope  northeast  of  Wilmington  Canyon  occurred 
between  the  late  Tertiary  erosion  surface  that  shapes  most  of  the  conti- 
nental slope  and  the  overlying  Quaternary  sediments.  This  failure  occurred 
along  a  preexisting  discontinuity,  an  erosion  surface,  as  opposed  to  failure 
within  the  stratigraphic  column. 

Although  the  main  mass  sedimentation  movement  occurred  in  the 
Pleistocene,  activity  is  presently  occurring  near  the  surface  of  the  slide. 
Figure  10  shows  the  thin  veneer,  and  lack  of  sedimentary  accumulation  on 
the  slide  scar  in  places.  This  lack  of  surficial  sediment  suggests  low  sedi- 
mentation or  a  continuing  movement  of  material  downslope.  The  lack  of 
a  conformable  layer  of  sediments  blanketing  the  irregular  surface  of  the 
head  of  the  slide  also  suggests  recent  activity.  Sedimentological  charac- 
teristics and  the  geotechnical  properties  of  sediments  also  support  the 
occurrence  of  creep  (Bennett  et  al.,  1976). 
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Possible  trigger  mechanisms  for  sediment  failure  include  rapid  sediment 
accumulation,  faulting  with  possibly  related  earthquake  activity,  .and  in- 
creased energy  input  to  the  seafloor  by  waves  during  low  sea-level  stands 
in  the  Pleistocene.  Although  the  head  of  Wilmington  Canyon  is  interpreted 
by  Kelling  and  Stanley  (1970)  to  be  underlaid  by  a  fault,  there  is  no 
indication  of  its  activity.  Faults  are  present  in  the  Tertiary  sequence  in 
the  area  (Sheridan,  1975),  but  their  activity  during  the  Pleistocene  is  not 
known.  An  increase  in  rate  of  sediment  accumulation  probably  occurred 
on  the  slope  during  the  Pleistocene;  however,  profiles  to  the  north  and 
south  of  this  area  show  a  200-m  blanket  of  Pleistocene  material  on  the 
slope  with  no  sediment  failure.  The  likely  trigger  mechanism  is  increased 
energy  input  to  the  shelf  break  and  upper  slope  during  a  low  stand  of 
sea  level  in  the  late  Pleistocene.  Terraces  believed  to  have  been  cut  during 
Pleistocene-lowered  sea  level  are  present  on  the  upper  slope  (Wear  et  al., 
1974).  The  shape  of  the  shelf  edge  on  the  north  side  of  Wilmington 
Canyon  (Figure  1)  would  focus  wave  energy  on  this  headland-like  area, 
and  would  account  for  sediment  failure  here  as  opposed  to.. universal 
failure  along  the  slope.  The  surface  morphology  of  the  slump  block  was 
probably  also  formed  at  a  lower  stand  of  sea  level  with  the  dissection  of 
the  upper  continental  slope.  The  valleys  cut  the  scar  as  well  as  the  top 
of  the  slide  (Figure  2),  indicating  that  dissection  is  postsediment  failure. 
Also,  on  line  4  (Figures  8  and  9),  the  valley  northeast  of  the  crossing 
of  line  7  appears  to  cut  through  the  slip  surface.  Although  faulting  cannot 
be  ruled  out  as  contributing  to  the  sediment  failure,  the  Pleistocene  and 
coincident  sediment  failures  around  the  Atlantic,  such  as  those  reported 
by  Roberts  (1972),  Seibold  and  Hinz  (1974),  and  Embley  (1976), 
suggest  that  increased  energy  input  to  the  seafloor  during  a  Pleistocene 
low  stand  of  sea  level  may  be  an  important  part  of  the  trigger  mechanism 
for  sediment  failure  on  the  slope  northeast  of  Wilmington  Canyon. 

Conclusions 

A  submarine  slide  has  been  defined  through  the  use  of  geophysical 
techniques.  From  the  bathymetry,  the  morphology  of  the  slide  and  its 
setting  were  determined.  The  seismic  reflection  data  identified  the  slip 
surface,  the  internal  structure  of  the  slide  and  the  continental  slope,  and 
the  volume  of  the  slide  (approximately  11  km^).  Sediment  failure  occurred 
along  the  late  Tertiary  erosion  surface,  which  shapes  most  of  the  conti- 
nental slope.  Sediments  comprising  the  slide  are  interpreted  to  be  Pleisto- 
cene. A  composite  mechanism  may  have  triggered  the  failure;  however. 
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increased  energy  input  to  the  seafloor  during  a  late  Pleistocene  lower  stand 
of  sea  level  is  believed  to  have  played  an  important  role.  Lack  of  sedi- 
ments on  the  slide  scar  is  suggestive  of  present-day  instability. 
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Continental  Slope  Sediment  Instability  Northeast  of 
Wilmington  Canyon^ 

BONNIE  A.  MCGREGOR2  and  RICHARD  H.  BENNETT2 


Abstract  A  region  on  the  US  East  Coast  exhibiting 
sediment  instability  is  present  on  the  continental  mar- 
gin seaward  of  the  coast  of  Delaware  and  the  Balti- 
more Canyon  Trough  area.  A  detailed  bathymetnc  and 
seismic-reflection  survey  of  a  7.5  by  13.0-km  area,  to- 
gether with  box,  hydroplastic,  and  piston  cores,  affords 
an  integrated  study  of  a  large  submarine  slide  with  a 
volume  of  1 1  cu  km  on  the  continental  slope  northeast 
of  Wilmington  Canyon.  The  geotechnical  properties 
and  sedimentologic  characteristics  of  the  seafloor 
show  variations  that  are  associated  with  the  slide.  The 
slump  block  is  believed  to  be  composed  of  Pleistocene 
sediment  with  sediment  failure  occurring  on  the  slope 
along  a  late  Tertiary  erosion  surface  which  formed  the 
gross  morphology  of  the  continental  margin.  The  sug- 
gested mechanism  for  triggering  the  sediment  failure  is 
increased  wave  energy  associated  with  a  lower  stand 
of  sea  level  during  the  late  Pleistocene.  Mass  wasting 
of  material  downslope  by  creep  is  a  process  which  ap- 
parently still  is  occurring. 


INTRODUCTION 

Seaward  of  New  Jersey  and  Delaware,  in  the 
vicinity  of  Wilmington  Canyon  (Fig.  I),  dynamic 
processes  are  operating  on  the  continental  slope. 
Wilmington  Canyon  actively  channels  material 
from  the  continental  shelf  to  the  rise  (Kelling  and 
Stanley,  1970).  The  continental  slope  northeast  of 
Wilmington  Canyon  has  been  dissected  by  many 
small  valleys,  and  many  areas  show  small-scale 
slumping  (Wear  et  al,  1974). 

One  such  location  with  suspected  slumping  was 
studied  in  detail  using  narrow-beam  echo  sound- 
ing (NBES),  3.5-kHz  seismic -reflection  data,  and 
bottom  samples.  This  paper  is  concerned  with  the 
initial  results  of  a  major  geotechnical  program  de- 
signed to  investigate  the  mass  physical  and  chem- 
ical properties  and  related  geologic  and  geophysi- 
cal characteristics  of  a  well-defined  submarine 
slide. 

METHODS 

An  NBES  survey,  using  Loran  C  and  satellite 
navigation  with  0.5-km  track-line  spacing  was 
conducted  to  delineate  the  morphology  of  the 
slope  between  the  water  depths  5(X)  and  1,600  m 
in  a  7.5  x  13-km  area.  A  transect  of  box  and 
piston  cores  normal  to  the  slope  was  taken  to  de- 
termine the  kind,  distribution,  and  geotechnical 
properties  of  the  sediment.  A  series  of  eight  seis- 
mic-reflection profiles  was  made  across  the  slope. 
The  seismic  system  used  consisted  of  an  airgun 
with  a  640  x  10-*  cu  m  (40  cu  in.)  chamber  as  a 


sound  source  with  a  Teledyne  50-element  hydro- 
phone receiver.  On  line  A  the  sound  source  con- 
sisted of  two  air  guns  with  chambers  160  X  10"* 
cu  m  and  1,920  X  10-6  cu  m  (10  and  120  cu  in.). 
The  returning  signal  was  filtered  at  80  to  205-Hz 
frequency.  Five  3.5-kHz  profiles  were  made. 

SLOPE  MORPHOLOGY 

The  study  area  is  the  upper  to  lower  continen- 
tal slope  adjacent  to  Wilmington  Canyon  that  en- 
compasses a  water-depth  range  of  500  to  1,600  m. 
This  part  of  the  slope  is  flanked  on  the  southwest 
by  Wilmington  Canyon  and  on  the  northeast  by 
another  relatively  large,  well-defined  valley  (Figs. 
I,  2).  The  slope  in  this  area  is  dissected  by  several 
small  valleys,  some  of  which  extend  all  the  way 
down  the  slope.  The  average  seafloor  gradient  is 
about  8°,  but  in  the  vicinity  of  the  valleys,  it  is 
considerably  steeper.  A  detailed  slope  map  fol- 
lowing techniques  described  by  Schmoll  and  Do- 
brovolny  (1972)  for  the  area  will  be  presented 
elsewhere  (Bennett  et  al,  in  prep.).  The  whole  por- 
tion of  the  slope,  as  far  as  the  valley  at  the  north- 
east side,  is  a  large  submarine  slide  with  small- 
scale  features  superimposed,  The  broadening  of 
the  area  between  contours  1,000  and  1,100  m  sug- 
gests the  presence  of  small  slumps  and  was  found 
to  represent  deformation  at  the  head  of  the  slide 
(Fig.  2). 

SEISMIC-REFLECTION  PROFILES 

Seismic-reflection  profiles  collected  parallel 
with  and  perpendicular  to  the  margin  (Fig.  2)  out- 
line the  sedimentary  sequence  and  internal  struc- 
ture of  the  continental  slope.  The  profiles  that 
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FIG.  1 — Index  map  showing  detail  study  area.  Bathymetric  contours  in  meters  from  Uchupi  (1970). 


were  obtained  perpendicular  to  the  slope  (Figs.  3, 
4)  show  a  well-defined  submarine  slide  between 
800-  and  1,500-m  water  depth.  The  thickness  of 
this  block  ranges  from  50  to  300  m,  assuming 
1,5(X)  m/sec  sound  velocity  in  the  sediments.  On 
the  profiles  parallel  with  the  strike  of  the  slope 
(Figs.  5,  6),  we  determmed  the  lateral  extent  of 
the  block  to  be  10  km. 

The  slip  surface,  labeled  A,  of  the  slide  is  pres- 
ent on  all  profiles  and  is  traceable  across  most  of 
the  slope.  Without  the  profiles  normal  to  the 
slope,  A  could  be  mismterpreted  as  a  strati- 
graphic  horizon  rather  than  a  deformational  zone. 
The  slip  surface  appears  to  slope  up  to  the  north- 
east (Fig.  6,  line  4).  Reflecting  horizons  are  pres- 
ent within  the  slump  block  above  the  slip  surface 
A,  but  these  are  not  continuous  over  long  dis- 
tances. Below  the  slip  surface  the  reflecting  hoin- 
zons  are  more  continuous  (labeled  B,  C,  D;  Figs. 


5,  6).  Figures  3  and  4  show  these  horizons  to  slope 
seaward,  to  be  truncated  at  the  slip  surface,  and 
to  represent  the  older  stratigraphic  sequence  com- 
prising the  continental  margin. 

The  sediments  composing  the  slump  block 
have  different  acoustic  properties.  A  zone  of 
acoustically  transparent  material  approximately 
100  m  thick  is  present  at  the  base  of  the  slump 
block  on  lines  5  through  7  (Fig.  4).  Patchy  reflec- 
tors in  the  transparent  zone  on  line  6  suggest  that 
homogenization  of  the  sediments  may  have  oc- 
curred in  this  zone  adjacent  to  the  slip  surface. 
Moore  et  al  (1976)  reported  a  similar  nonstrati- 
fied  zone  at  the  base  of  a  submarine  slide  in  the 
Sunda  Arc  region.  They  interpret  this  zone  as  a 
mudflow,  on  the  basis  of  the  burial  of  channels 
downslope  and  on  the  presence  of  mud  volca- 
noes. In  the  Wilmington  Canyon  area  there  is  at 
present  no  evidence  that  the  unstratified  basal 
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unit  of  the  slide  represents  a  mudfiow,  although 
this  interpretation  cannot  be  ruled  out.  The  re- 
mainder of  the  slump  block  is  composed  of  strati- 
fied sediments.  Near  the  head  of  the  slump  block 
in  the  vicinity  of  what  is  interpreted  to  be  the  scar 
on  the  basis  of  thinning  of  the  sediments  and 
change  in  angle  of  the  slope,  the  sediments  are 
jumbled  and  the  surface  is  irregular,  suggesting 
tensional  forces  and  rotation  of  the  sediments.  On 
line  7  (Figs.  3,  4)  near  the  toe  of  the  slump  the 
sediments  are  pushed  up  and  the  surface  also  is 
irregular,  suggesting  compressional  forces.  Hy- 
perbolic echoes  and  contorted  beds  on  line  6 
downslope  from  the  crossing  of  profile  1  also  in- 
dicate activity  of  the  surface  material  of  the  shde. 
The  contorted  beds  at  the  head  of  the  slide  on  all 
Unes  (Figs.  3,  4)  and  at  the  toe  on  line  7  are  simi- 
lar to  those  found  by  Lewis  (1971)  characterizing 
the  Kidnapper  Slump  off  New  Zealand. 

Shallow-penetration  3.5-kHz  records  were  col- 
lected on  some  of  the  seismic  lines,  and  Figure  6 
is  the  record  along  line  5.  Locations  of  the  cores 
discussed  in  this  paper  are  projected  onto  this  line 
to  show  the  morphology  and  acoustic  reflectors 
where  the  cores  were  taken.  The  maximum  sedi- 
ment penetration  is  about  100  m.  The  top  of  the 
slide  and  the  upper  slope  are  shown  on  the  pro- 
file. Horizons  comprising  the  continental  margin 
are  truncated  at  the  slip  surface  on  the  slope 
above  the  slide  and  the  veneer  of  sediments  is 
thin.  In  the  vicinity  of  core  A,  horizons  appear  to 
be  truncated  at  the  seafloor.  The  irregular  topog- 
raphy of  the  head  of  the  slump  block  has  reflect- 
ing horizons  cropping  out  at  the  seafloor.  The 
thin  veneer  and  in  places  apparent  lack  of  surfi- 
cial  sediment  on  the  slide  scar  suggest  low  sedi- 
mentation or  movement  of  sediment  downslope 
by  creep.  Also  the  lack  of  postslump  sediment  ac- 
cumulation draping  over  the  head  of  the  slide 
suggests  creep. 

From  the  seismic-reflection  profiles,  the  area 
and  also  the  volume  of  the  slide  block  can  be 
calculated  as  68  sq  km  and  1 1  cu  km  respectively. 
Thus,  the  slide  is  large,  comparable  in  size  to  the 
Ranger  submarine  slide  off  Baja  California  (Nor- 
mark,  1974),  and  to  massive  slides  in  the  strati- 
graphic  record  on  land  (Rupke,  1976).  The  thick- 
ness of  the  sediment  in  the  slump  block  ranges 
from  50  to  300  m. 

The  gradient  of  the  slope  on  which  the  block 
slid  (angle  of  the  slip  surface)  is  about  7°  (Fig.  3). 
The  angle  of  the  present  surface  of  the  slump 
varies  depending  on  morphology,  but  in  general  is 
between  3  and  5°.  The  upper  part  of  the  conti- 
nental slope  that  represents  the  slide  scar  has  a 
slightly  steeper  angle  between  9  and  14°.  The 
break  in  slope  between  the  present  surface  of  the 
slump  block  and  the  scar  is  at  about  950-m  depth. 
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FIG.  3 — Line  drawings  of  seismic-reflection  profiles 
perpendicular  to  continental  slope.  Number  with  X  re- 
fers to  crossing  location  of  profile  of  Figure  5.  Slip  sur- 
face IS  labeled  A;  B,  C,  and  D  are  identifiable  horizons. 
Vertical  exaggeration  is  7.5  x  (assuming  velocity  of 
1,500  m/sec). 


A  profile  just  north  of  this  area  shows  reflecting 
horizons  within  the  continenal  slope  truncated  at 
the  seafloor,  with  the  continental  slope  in  the  area 
representing  a  late  Tertiary  erosion  surface 
(Uchupi  and  Emery,  1967).  The  age  of  reflecting 
horizons  B,  C.  D  shown  here  (Figs.  3,  5)  can  be 
estimated  by  correlation  with  those  found  by 
Heezen  et  al  (1959),  Kelling  and  Stanley  (1970), 
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FIG.  4 — Photographs  of  original  seismic-reflection  records.  Number  with  X  refers  to  crossing  location  of  profile  of 
Fig.  6  (see  Fig.  2  for  line  locations).  Vertical  exaggeration  is  7.5  X  (assuming  velocity  of  1,500  m/sec). 


and  Sheridan  (1975).  Reflecting  horizon  B  is  in- 
terpreted to  represent  the  base  of  the  Miocene,  C 
Eocene,  and  D  the  Eocene-Cretaceous  boundary, 
a  truncated  reflecting  horizon  near  the  top  of  the 
slope  (Figs.  3,  4)  is  interpreted  to  be  Pliocene  in 
age.  Because  the  slip  surface  is  superimposed  on 
this  truncated  Pliocene  horizon,  its  age  is  youn- 
ger, therefore  Quaternary  in  age.  Dredged  sam- 
ples from  the  edge  of  the  survey  area  contain 
Pleistocene  material  (Gibson  et  al,  1968).  An  age 
of  late  Pleistocene  approximately  250  X  10^  years 
B.P.  was  obtained  from  microfossils  piston  cored 
at  a  depth  of  40  ft  (12  m)  and  100  X  10^  years 
B.P.  near  the  surface  of  the  slide  (Stefan  Gartner, 
1975,  personal  commun.).  The  slump  block  ap- 
pears to  be  composed  primarily  of  Pleistocene 
material.  The  triggering  mechanism  for  the  sedi- 
ment failure  can  only  be  suggested.  Kelling  and 
Stanley  (1970)  indicated  that  the  head  of  Wil- 


mington Canyon  is  underlain  by  a  fault,  although 
its  history  of  activity  was  not  reported.  A  more 
likely  mechanism  is  increased  energy  input  to  the 
shelf  break  and  upper  slope  during  a  lower  stand 
of  sea  level  in  the  late  Pleistocene.  The  surface 
morphology  of  the  slump  block  probably  was 
formed  during  a  lower  stand  of  sea  level  about 
180  m  lower  than  at  the  present  (Wear  et  al,  1974) 
when  the  upper  continental  slope  was  dissected. 
The  valleys  cut  the  scar  as  well  as  the  top  of  the 
slide,  indicating  that  dissection  was  after  sedi- 
ment failure.  However,  in  some  slope  regions  sub- 
marine valleys  and  gullies  are  believed  to  repre- 
sent slump  scars  (Moore,  1969).  This  is  unlikely 
here,  for  the  region  is  a  slide  and  the  valleys  are 
superimposed. 

On  the  continental  slope  northeast  of  Wilming- 
ton Canyon,  sediment  instability  on  a  large  scale 
has  occurred.  The  gravitational   induced   shear 
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stress  exceeded  the  shear  strength  of  the  sedi- 
ments with  failure  occurring  between  the  late  Ter- 
tiary erosion  surface  of  the  continental  slope  and 
the  overlying  Quaternary  sediments.  It  is  impor- 
tant to  note  that  sediment  failure  was  along  a 
preexisting  discontinuity,  an  erosion  surface,  as 
opposed  to  failure  within  the  stratigraphic  col- 
umn. The  failure  is  believed  to  have  occurred  dur- 
ing a  late  Pleistocene  lower  stand  of  sea  level. 
Profiles  north  and  south  of  this  area  show  ap- 
proximately 200  m  of  Pleistocene  material  blan- 
keting the  continental  slope. 

That  activity  is  occurring  now  near  the  surface 
of  the  slump  is  suggested  by  the  shallow-penetra- 
tion 3.5-kHz  data  (Fig.  7)  which  show  lack  of  sed- 
iment accumulation  on  the  slide  scar  and  lack  of 
a  conformable  sedimentary  layer  blanketing  the 
irregular  surface  of  the  head  of  the  slump.  Creep 
may  be  occurring  on  the  slide  scar.  The  age  data 
of  100  X  103  years  B.P.  on  sediment  near  the 
surface  of  the  slump  also  indicate  little  deposition 
or  mixing  of  the  sediments.  Sedimentologic  char- 
acteristics and  the  geotechnical  properties  of  the 
sediments,  as  will  be  shown,  also  suggest  the 
creep-process  concept. 

SEDIMENTS  AND  SELECTED  GEOTECHNICAL 
PROPERTIES 

A  sediment-core  transect  was  made  over  select- 
ed areas  of  the  slope  identified  by  seismic-reflec- 
tion profiles  as  both  slumped  and  unslumped 
(Fig.  7).  Piston,  box.  Boomerang,  and  hydroplas- 
tic  cores  were  collected  to  assess  the  geotechnical 
properties  and  sedimentologic  characteristics  of 
the  seafloor  deposits  associated  with  the  subma- 
rine slide.  Three  cores  have  been  selected  as  ex- 
amples for  the  detailed  discussion  here. 

Surficial  sediments  are  predominantly  silty  clay 
and  clayey  silts  rich  in  illite  with  lesser  quantities 
of  feldspar,  chlorite,  kaolinite,  quartz,  and  smec- 
tite minerals.  A  few  types  of  heavy  minerals  are 
also  present  in  the  >5-ju  fraction  of  upslope  sedi- 
ments, on  the  slide  scar,  examined  by  X-ray  dif- 
fraction. Authigenic  pyrite  is  common  as  burrows 
and  as  globular  masses  and  often  shows  up  in 
radiographs  as  dense,  "white"  flecks.  Calcium 
carbonate  is  present  predominantly  in  the  form  of 
calcareous  tests  scattered  throughout  the  muds. 
Similar  mineralogic  and  textural  characteristics  of 
U.S.  continental-slope  sediments  have  been  re- 
ported by  Doyle  et  al  (1975).  Texture  and  miner- 
alogy of  suspended  sediments  in  the  Wilmington 
Canyon  area,  at  the  shelf  break,  and  on  the  slope 
have  been  discussed  by  Lyall  et  al  (1971). 

Upper  slope  cores,  above  the  slide,  consistently 
have  several  centimeters  of  sand  and  coarse  shaly 
silts  at  the  sediment-water  interface  overlying  the 
muds.  These  topmost  sandy  sediments  were  not 
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FIG.  5 — Line  drawings  of  seismic-reflection  profiles 
parallel  with  continental  slope.  Number  with  X  refers  to 
crossing  location  of  Figure  3.  Slip  surface  is  labeled  A; 
B,  C,  and  D  are  identifiable  horizons.  Vertical  exaggera- 
tion is  7.5  X  (assuming  velocity  of  1,500  m/sec). 

present  in  the  cores  recovered  from  the  surficial 
sediments  downslope  on  the  slump  block  proper. 
The  presence  of  sand  throughout  the  silty  clays 
and  clayey  silts  is  generally  much  less  than  10% 
for  both  upslope  (scar)  and  downslope  (slump 
block  proper)  sediments.  The  top  4  to  5  m  of  up- 
slope sediment  is  characterized  by  a  slight  in- 
crease in  silt  content  relative  to  clay  with  increas- 
ing depth  below  the  mud  line.  In  contrast,  profiles 
of  silt  and  clay  in  cores  associated  with  the  slump 
block  reveal  a  general  decrease  in  silt  and  in- 
crease in  clay-size  particles  with  increasing  core 
depth  (Fig.  8A,  B,  C). 

Examination  of  sedimentary  structures  in  box 
cores  and  piston  cores  suggests  that  gravity-in- 
duced sediment  failure  of  surficial  seafloor  depos- 
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FIG.  7 — Photograph  of  original  3.5-kHz  record  along  line  5  (Figs.  2,  4).  Piston-core  locations  have  been  projected 
onto  profile  to  show  morphology  and  stratigraphic  setting  of  core  site. 
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its  is  an  important  deformational  process  active 
on  the  continental  slope  northeast  of  Wilmington 
Canyon.  Creep  and  apparent  foundering  of  surfi- 
cial  sediments  are  revealed  by  contorted  bedding 
and  the  presence  of  "sand  balls"  or  clasts  within 
the  silty  clays  and  clayey  silts.  Apparent  load 
structures  of  the  topmost  sands  and  sandy  silts 
overlymg  the  muds  are  characteristic  of  the  box 
cores  from  the  sediment  on  the  slope  above  the 
slide.  Numerous  "clay  balls"  are  scattered 
throughout  these  topmost  coarse-grained  clastic 
sediments.  The  apparent  load  structures  represent 
unstable  conditions  and  probably  develop  con- 
temporaneously with  slow  creep  of  sediments 
down  the  continental  slope.  The  upslope  coarse- 
grained sediments  and  underlying  muds  are  on 
slopes  averaging  about  9  to  14°  in  water  depths 
less  than  950  m.  The  downslope  muds,  having  a 
conspicuous  absence  of  topmost  coarse  elastics, 
are  on  slopes  averaging  3  to  5°  in  water  depths 
exceeding  950  m  in  the  study  area. 

Surficial  sediments  upslope  from  the  slump 
block  are  characterized  by  typical  variations  in 
the  mass  physical  properties  with  core  depth.  Un- 
drained  shear  strength,  determined  with  a  minia- 
ture vane-shear  apparatus,  and  wet  unit  weight 
(wet  bulk  density)  steadily  increase  with  depth 
below  the  mud  line  commensurate  with  a  de- 
crease in  water  content  (Fig.  8A).  Richards  (1961, 
1962)  and  Keller  and  Bennett  (1968,  1970)  have 
discussed  typical  geotechnical  properties  of  sub- 
marine sediments  and  their  variation  with  core 
depth.  In  contrast  to  the  upslope  sediments,  surfi- 
cial sediments  downslope  overlying  the  slump 
block  generally  have  low  shear  strengths  and  rela- 
tively high  variability  of  mass  physical  properties 
with  core  depth.  This  variability  is  revealed  par- 
ticularly well  in  the  profiles  of  water  content  and 
sediment  texture  (Fig.  SB,  C).  Wet  unit  weight  is 
considerably  less  sensitive  to  variation  in  other 
related  physical  properties  than  is  water  content 
alone  (Bennett  and  Lambert,  1971).  Profiles  of 
the  mass  physical  properties  clearly  reveal  that 
sediment  grain  size  is  considerably  more  variable 
with  core  depth  in  sediments  recovered  from  the 
slump  block  proper  in  comparison  to  the  textures 
of  upslope  sediments  (Fig.  8A,  B,  C). 

Many  Atterberg  limits  were  determined  on 
cores  from  along  the  entire  slope  transect.  Al- 
though there  are  a  few  exceptions,  the  plasticity 
index  (Ip<20%)  and  liquid  limit  (Wl<45%)  are 
lowest  in  the  upslope  sediment  samples  and  these 
properties  increase  significantly  in  the  downslope 
direction  (Ip  =  54%  and  Wl  =  91%).  These  data 
generally  fall  slightly  above  the  A  line  on  the 
plasticity  chart  (Casagrande,  1932,  1948).  On  the 
basis  of  this  classification,  the  continental-slope 
sediments  investigated  during  this  study  belong 


to  the  category  of  inorganic  clays  ranging  from 
relatively  low  plasticity  to  high  plasticity  trending 
generally  in  the  downslope  direction.  It  is  inter- 
esting to  note  that  the  initial  evaluation  of  X-ray 
diffraction  and  grain-size  analyses  of  these  sedi- 
ment cores  indicates  an  apparent  subtle  increase 
in  the  presence  of  smectite  and  clay-sized  materi- 
al in  the  downslope  direction. 

The  preliminary  evaluation  of  the  cores  collect- 
ed in  the  submarine-slide  area  has  revealed  signif- 
icant differences  not  only  in  the  magnitude  of  the 
upslope  versus  downslope  geotechnical  proper- 
ties, but  also  differences  in  the  variation  of  the 
sediment-mass  physical  properties  with  core 
depth.  Further  detailed  analyses  of  the  geotechni- 
cal properties  of  a  suite  of  cores  collected  in  the 
study  area  are  being  carried  out,  a  part  of  which 
IS  presented  in  Bennett  et  al  (in  press). 

CONCLUSIONS 

Integration  of  the  geophysical,  sedimentologic, 
and  geotechnical  data  provides  a  unique  study  of 
the  characteristics  of  a  submarine  slide.  From  the 
geophysical  data,  the  volume,  shape,  and  internal 
structure  of  the  slide  have  been  determined.  Iden- 
tification of  the  slip  surface  as  a  late  Tertiary  ero- 
sion surface  which  shaped  the  continental  slope  is 
important  in  assessing  the  processes  responsible 
for  the  sediment  failure.  The  seafloor  environ- 
ment was  affected  by  a  change  in  the  sedimenta- 
tion regime  and  the  variable  energy  input  associ- 
ated with  sea-level  changes  during  the 
Pleistocene.  From  the  sediment  cores,  variations 
in  the  geotechnical  properties  occur  between  the 
sediments  of  the  slump  block  and  sediments  up- 
slope. The  sediments  of  the  slump  block  have  less 
strength  than  sediments  on  the  slope  above.  The 
restriction  of  surficial  sand  to  the  steeper  upslope 
region  as  opposed  to  the  surface  of  the  slump 
block  suggests  differing  sedimentation  patterns. 
This  sand  may  be  transported  over  the  shelf  edge 
from  the  sand-wave  field  on  the  continental  shelf 
around  the  head  of  Wilmington  Canyon  de- 
scribed by  Knebel  and  Folger  (1976)  with  the 
fines  deposited  further  downslope.  Although  the 
major  sediment  failure  occurred  in  the  past,  creep 
and  deformation  of  the  surface  sediments  appear 
to  be  occurring  today. 
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Abstract.  Magnetic  anomalies  over  ocean  crust 
with  ages  between  0  and  3.5  m.y.  B.P.  have  been 
identified  on  the  Mid-Atlantic  Ridge  crest  at 
26°N.   These  anomalies  indicate  a  spreading  rate 
of  1.1  cm/yr  on  the  west  flank  of  the  ridge  and 
1.3  cm/yr  on  the  east  flank.   Computer  modeling 
of  the  anomalies  has  shown  that  simple  blocks  of 
uniform  thickness,  whose  width  and  direction  of 
magnetization  are  obtained  from  the  reversal  time 
scale  and  whose  Intensities  are  chosen  for  best 
visual  fit  of  the  anomaly,  are  not  capable  of 
explaining  the  details  of  the  observed  magnetic 
anomalies.   Shorter-wavelength  variation  in  the 
intensity  of  magnetization  parallel  to  the  ridge 
crest  can,  however,  explain  the  observed  anoma- 
lies.  A  possible  degradation  of  the  intensity 
of  magnetization  within  the  axial  anomaly  is 
associated  with  large  faulted  blocks  in  the  wall 
of  the  rift,  which  is  the  site  of  the  Trans- 
Atlantic  Geotraverse  (TAG)  hydrothermal  field. 
Magnetic  anomaly  data  suggest  that  extensive 
rotation  of  blocks  within  the  rift  valley  is  not 
likely. 

Introduction 

In  the  fall  of  1973  as  part  of  the  Trans- 
Atlantic  Geotraverse  (TAG)  program  of  NOAA's 
Atlantic  Oceanographic  and  Meteorological  Lab- 
oratories [Rona,  1973]  a  detailed  study  of  the 
magnetic  anomaly  pattern  of  the  Mid-Atlantic 
Ridge  crest  was  made  using  2-km-spaced  track 
lines.   The  objective  of  the  study  was  to  analyze 
the  variations  in  the  magnetic  anomaly  pattern, 
perpendicular  and  parallel  to  the  ridge  crest. 
Determination  of  the  origin  of  the  anomaly 
pattern  is  of  significance  in  establishing  the 
relationship  of  this  pattern  to  tectonic  pro- 
cesses active  on  the  Mid-Atlantic  Ridge  crest. 
A  hydrothermal  mineral  deposit,  the  TAG  hydro- 
thermal  field,  has  been  identified  in  the  study 
area  on  the  east  wall  of  the  rift  valley  [m. 
Scott  et  al..  1974;  R.  Scott  et  al..  1974; 
Rona  et  al. ,  1976].   Coincident  with  this  region 
is  a  local  low  in  the  axial  magnetic  anomaly. 

The  study  was  conducted  between  25.75°N  and 
26.50''N  over  an  area  of  75  x  55  km  (Figure  1). 
Continuous  magnetic  field  measurements  were  col- 
lected aboard  the  NOAA  ship  Researcher  along  the 
track  lines  shown  in  Figure  2  with  a  Varian 
proton  precession  magnetometer.  The  Inter- 
national Geomagnetic  Reference  Field  1965  co- 
efficients [lACA  Commission  2  Working  Group  4, 
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1969]  were  used  to  reduce  the  data  with  a  400-if 
adjustment  to  the  reference  field  based  on  the 
American  World  Chart  1970  model  [Hurwitz,  1970]. 
No  correction  for  diurnal  variation  was  made, 
and  no  magnetic  storms  were  recorded  during  the 
period  of  data  collection. 

A  contour  map  of  the  residual  field  shows  a 
large  positive  anomaly  in  the  center  of  the  area. 
This  is  the  axial  anomaly  and  is  displaced 
slightly  to  the  southeast  in  relation  to  the 
topographic  rift  valley  (Figure  3).  The  topo- 
graphic axis  of  the  rift  valley  is  indicated  by 
the  dashed  line  (Figure  3),  and  the  two  shaded 
negative  anomalies  on  either  side  of  the  axial 
anomaly  represent  the  Matuyama  reversed  period. 
They  in  turn  are  flanked  by  the  beginning  of  the 
Gauss  normal.  The  oldest  sea  floor  in  the  area 
is  slightly  older  than  3.5  m.y.  if  a  1.2-cm/yr 
spreading  rate  is  assumed  [Lattimore  et  al. , 
1974].  A  low  within  the  axial  anomaly  is  present 
over  the  southeast  wall  of  the  rift  valley 
(26°07'N,  44°47'W). 

A  sequence  of  bathymetric  and  magnetic  profiles 
across  the  area  is  shown  in  Figure  4;  computed 
magnetizations,  to  be  discussed  below,  are  also 
included.   The  magnetic  low  over  the  east  wall 
can  be  seen  in  profiles  10  through  18  (see 
arrows),  gradually  decreasing  to  the  north  and 
south  of  the  h>drothermal  area  (profile  14). 
The  anomalies  are  smooth  with  little  Indication 
of  minor  polarity  events.   The  topographic  axis 
of  the  rift  valley  is  indicated  by  the  line  down 
the  center  of  the  profiles.   The  axis  was  posi- 
tioned by  the  deepest  portion  of  the  rift  valley 
or  by  the  medial  ridge,  where  it  was  present, 
which  Moore  et  al ■  [1974]  identified  between 
36°  and  37°N  as  the  most  active  region  geo- 
logically.  Steps  in  the  east  wall  of  the  rift 
interpreted  to  be  fault  blocks  [McGregor  and  Rona, 
1975]  are  Indicated  by  the  shaded  portions  of 
profiles  8  through  20.   The  hydrothermal  area 
is  associated  with  these  faulted  blocks.   Com- 
puter modeling  studies  have  been  done  in  order 
to  determine  the  origin  of  the  magnetic  anomalies 
and  their  relationship  to  topography  and  ridge 
crest  processes. 

Computer  Modeling:  Forward  Method 

The  Taiwan!  and  Heirtzler  [1964]  computer  pro- 
gram for  the  computation  of  magnetic  anomalies 
caused  by  two-dimensional  structures  was  used  for 
the  initial  model  studies.  An  axial  dipole  field 
was  assumed  with  a  44°  Inclination  based  on  the 
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Fig.  1.   Index  map  showing  general  location  of 
study  area. 

present  latitude.   The  thickness  of  the  magnet- 
ized layer  is  assumed  to  be  a  uniform  500  m, 
since  this  is  the  generally  accepted  thickness, 
with  the  top  of  the  layer  at  the  sea  floor. 
Periods  of  normal  and  reversed  field  are  based 
on  the  Talwani  et  al.  [l97l]  revised  magnetic 
chronology  from  the  Reykjanes  Ridge  crest. 
Figure  5  shows  the  parameters  used  to  calculate 
the  anomaly  for  profile  20.   The  axial  anomaly 
is  displaced  5  km  to  the  east  of  the  bathymetry 
axis.   A  similar  offset  was  found  in  the  FAMOUS 
area  between  36°  and  37°N  [Needham  and  Franche- 
teau,  1974].   The  intensity  of  remanent  magneti- 
zation of  30  A/m  is  the  same  intensity  of 
remanent  magnetization  used  for  the  axial  block 
in  model  studies  of  the  Reykjanes  Ridge  [Taiwan! 
et  al. .  1971],  while  de  Boer  [1975]  measured 
Intensities  from  15  to  65  A/m  on  dredged  samples 
from  the  Reykjanes  Ridge.   The  remanent  magneti- 
zation of  50  A/m  is  based  on  Klitgord's  [1974] 
identification  of  high  magnetization  within  the 
central  anomaly  over  slow  spreading  Pacific 
ridges.   This  area  of  higher  magnetization 
coincides  with  a  topographic  high  in  the  floor 
of  the  rift  that  is  presumed  to  be  the  site  of 
recent  volcanism  [McGregor  and  Rona,  1975]. 
However,  this  small  region  of  high  magnetization 
has  no  expression  In  surface  magnetics,  as  we 
shall  see  later.   The  12-A/m  block  reduced  the 
axial  anomaly  in  amplitude  and  peakedness.   A 
similarly  reduced  block  was  used  as  one  solution 
for  the  magnetic  anomaly  associated  with  the  TAG 
hydrothennal  field.   The  presence  of  extensive 
faulting  affords  avenues  for  the  migration  of 
hydrothennal  solutions  in  portions  of  the  ridge 
[McGregor  and  Rona.  1975;  R.  Scott  et  al.,  1974; 
Rona  et  al.,  1976J.   Hydrothennal  alteration  of 
basalts  has  been  shown  to  reduce  the  magnetic 
susceptibility  and  remanent  magnetization  [Luyen- 
dyk  and  Melson,  1967;  Watklns  and  Paster.  197 IJ. 
No  dredge  stations  were  made  along  profile  20, 
but  to  the  south  near  profile  14,  hydrothermal 
manganese,  greenstones,  altered  basalt,  and 
zeolitized  rocks  were  dredged  [R.  Scott,  1973]. 
These  are  the  same  rock  types  found  by  the  pre- 
viously mentioned  authors  to  have  low  intensities 
of  remanent  magnetization.   The  Reykjanes  penin- 
sula of  Iceland,  a  hydrothermal  area,  also  has 
a  conspicuous  magnetic  low  attributed  to  the 
hydrothermal  alteration  of  basalt  [Bjomsson 
et  al.,  1972]. 

The  magnetic  parameters  of  block  width  and 
magnetization  intensity  from  profile  20  were  used 
with  the  bathymetry  from  profile  14  to  simulate 
the  anomaly  over  the  hydrothermal  area  (Figure  6). 
The  match  between  the  computed  and  observed  mag- 
netic anomalies  was  not  as  good  as  tUe  match  for 
profile  20.  The  axis  of  the  magnetic  symmetry 


la  about  2  km  east  of  the  bathyraetrlc  axis.  The 
large  amplitude  of  the  axial  anomaly  indicates 
that  the  magnetic  intensity  of  30  A/m  is  too 
large.   A  block  with  degraded  intensity  of 
remanent  magnetization  (5  A/m)  over  the  east 
wall  reduces  the  amplitude  of  the  axial  anomaly 
and  changes  its  shape. 

This  type  of  modeling  indicates  the  complexity 
that  exists  in  the  simple  model  of  magnetic 
anomalies  generated  by  sea  floor  spreading. 
Difficulty  in  anomaly  correlations  from  profile 
to  profile  in  the  Atlantic  may  result  from  this 
complexity.   The  two-dimensional  block  model 
forward  method  does  not  provide  a  unique  solution 
for  the  source  of  magnetic  anomalies.   This  time- 
consuming  trial-and-error  matching  of  the  anomaly 
limited  the  number  of  profiles  analyzed.   In 
order  to  overcome  some  of  the  arbitrariness  and 
increase  the  number  of  profiles  analyzed  an 
inversion  technique  was  used  [Parker  and  Hues t is, 
1974]. 

Computer  Modeling:  Inverse  Method 

On  the  basis  of  Parker's  [1973]  work  for  the 
inversion  of  magnetic  anomalies,  Parker  and 
Hues t is  [1974]  have  developed  a  fast  Fourier 
transform  method  for  the  deconvolution  of  crustal 
magnetization.   Several  assumptions  are  made  in 
the  modeling:  magnetization  is  assumed  to  be 
confined  to  a  relatively  thin  layer  of  the  sea 
floor  approximately  500  m  thick,  with  the  upper 
surface  coincident  with  the  basement  topography; 
the  magnetization  varies  only  horizontally,  not 
vertically,  in  the  layer;  and  the  direction  of 
magnetization  is  assumed  to  be  either  parallel 
or  antiparallel  to  a  centered  axial  dipole. 
Another  possible  source  of  the  anomaly  pattern 
is  variation  in  thickness  of  the  magnetized 
layer,  but  we  consider  it  less  likely  on  a  local 
scale.   Although  Wilson  [l970]  has  suggested  that 
the  time  average  field  may  more  closely  resemble 
an  off-centered  axial  dipole  than  a  centered  di- 
pole, the  angular  deviation  of  field  direction 
produced  by  the  two  is  so  close  that  we  may  assume 
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Fig.  2.   Track  lines  from  the  Trans-Atlantic 
Geotraverse  of  1973.   Track  lines  are  data  con- 
trol for  Figure  3,  and  index  numbers  are  track 
locations  for  Figure  4.   Dashed  lines  outline 
the  TAG  hydrothermal  field  [r.  Scott  et  al. , 
1974;  Rona  et  al..  1976]. 
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Fig.  3.   Residual  magnetic  anomalies  with  a  50-y  contour  interval, 
negative.   Dashed  line  is  topographic  axis  of  the  rift  valley. 


44'15' 


Shaded  areas  are 


an  average  magnetization  along  an  axial  dipole 
field  direction.   Over  the  last  3  m.y.  the  sea 
floor  in  this  study  area  has  not  moved  appreciably, 
so  that  constant  direction  of  magnetization  is  a 
reasonable  assumption.   Recent  Deep-Sea  Drilling 
Project  analyses  of  3.5-m.y.  lavas  from  west  of 
the  Azores  Plateau,  however,  showed  that  the  mag- 
netic intensity  and  polarity  of  the  volcanic 
sequence  varied  greatly  with  depth  in  the  sequence 
[Ade-Hall  et  al . ,  1975].   Simplifying  assumptions 
for  the  model  may  introduce  some  departures  from 
reality,  but  as  more  drilled  samples  become 
available,  the  model  can  be  adjusted. 

Ten  profiles  across  the  ridge  crest  approxi- 
mately 4  km  apart  (Figure  2)  were  analyzed  with 
a  computer  program  written  by  R.  L.  Parker  and 
S.  P.  Huestis  of  the  Institute  of  Geophysics  and 
Planetary  Physics,  University  of  California  at 
San  Diego  (Figure  4) .   Bathymetry  and  magnetic 
anomaly  values  were  selected  every  0.5  km.   The 
sloping  line  at  the  end  of  each  profile  repre- 
sents artificial  data  to  reduce  the  contamination 
of  the  computed  magnetization  by  replications 
introduced  by  the  Fourier  transform  [Parker. 
1973].   The  measured  magnetic  anomaly,  the  cal- 
culated magnetization,  and  the  bathymetry  are 
plotted  for  each  profile.   The  solution  of  the 
inverse  problem  given  the  set  of  assumptions 
outlined  above  is  still  nonunique.   To  the 
solution  of  the  equation  which  gives  the  ob- 
served magnetic  anomaly,  one  may  add  any  amount 
of  the  solution  which  causes  no  external  field 
[Parker  and  Huestis,  1974];  the  latter  magneti- 
zation function  is  called  the  annihilator.   In 
each  of  the  profiles  of  Figure  4  the  amount  of 
annihilator  that  was  added  was  chosen  so  that 
positive  and  negative  magnetic  material  appeared 


in  the  appropriate  places  along  the  profile.   The 
alternative  method  of  choosing  the  annihilator 
such  that  the  positive  and  negative  magnetizations 
are  about  equal  was  not  used  because  of  the 
shortness  of  the  record  and  also  because  of 
problems  concerning  the  intensity  of  magneti- 
zation in  the  axial  region. 

High  wave  number  components  in  the  raw  anomaly 
data  not  caused  by  the  local  magnetization  or 
caused  by  very  irregular  topography  as  on  a  ridge 
crest  can,  as  a  result  of  magnification  in  down- 
ward continuation,  dominate  the  inversion  scheme 
unless  filtered.   The  origin  of  these  components 
can  be  inhomogeneities  in  the  magnetization, 
instrument  limitations,  digitizing  errors 
[Schouten  and  McCamy,  1972],  or  time  varying 
ionospheric  currents  [Parker,  1974].   Klitgord 
[1974]  found  in  deep  tow  experiments  that  crust 
younger  than  3  m.y.  had  high  wave  number  varia- 
tions and  attributed  the  variations  to  topography 
or  vertical  inhomogeneities  in  the  magnetic 
layer,  but  such  high  wave  number  variations 
cannot  be  observed  in  surface  tow  observations 
like  those  reported  here. 

Parker  [1974]  showed  that  the  logarithm  of  the 
power  spectrum  of  the  raw  anomaly  data  can  be 
used  as  a  means  of  determining  at  which  wave 
number  noise  overcomes  the  magnetization  signal. 
We  have  used  this  procedure  to  choose  our  anomaly 
filter  parameters.   The  magnetic  data  were  fil- 
tered, completely  suppressing  wavelengths  less 
than  2.56  km  and  greater  than  128  km  and  cosine 
tapering  wavelengths  from  2.56  to  3.1  km  and 
from  42  to  128  km.   The  short  wavelengths  which 
were  suppressed  or  partially  suppressed  varied 
slightly  with  each  profile.  An  11-polnt  tri- 
angular data  window  covering  5  km  which  was 
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Fig.  ^.   Profiles  of  bathymetry,  magnetization, 
and  magnetic  anomaly  (see  Figure  2  for  location). 
Magnetic  reversal  chronology  is  from  Talwani 
et  al.  [l97l].   Axis  line  represents  present-day 
location  of  spreading.   Hatched  area  under 
bathymetry  indicates  region  of  faulted  blocks 
which  can  be  traced  from  profile  to  profile. 
Arrows  indicate  low  in  axial  anomaly. 

Initially  used  to  smooth  the  data  prior  to  pro- 
filing was  left  in  the  analysis  sequence  prior  to 
filtering,  amounting  to  some  modulation  of  the 
band-pass  filter  described  above.   This  combined 
smoothing  technique  did  not  appreciably  change 
the  appearance  of  the  magnetic  anomaly.   The 
depth-to-block  D  versus  the  width-of-block  w 
ratio  has  been  shown  by  Bott  and  Button  [1970] 
and  Blakely  and  Schouten  [197AJ  to  be  important 
in  the  separation  of  noise  from  data,  when  the 
short-period  behavior  of  the  earth's  magnetic 
field  is  studied.   Their  criterion  of  D/2w  i  1 
is  essentially  met  in  our  treatment  in  that  the 
short-wavelength  cutoff  of  the  filter  Xgnil>  which 
is  twice  the  effective  sampling  interval  Wgff,  is 
such  that  D/Agn,i  =  D/2weff  =  1.   The  magnetic 
anomaly  pattern  on  this  portion  of  the  Mid- 
Atlantic  Ridge  (Figure  4)  does  not  show  the 
short-period  events  in  the  magnetic  reversal 
chronology.   Therefore  we  wish  to  focus  atten- 
tion on  the  general  trends  of  the  magnetization 
pattern. 

In  Figure  4  the  line  down  the  center  of  each 
profile  represents  the  present  axis  of  spreading 
in  the  rift  valley.  The  axis  was  positioned  by 
the  medial  ridge  where  it  was  present  and  other- 
wise by  the  deepest  part  of  the  rift  valley. 
The  positive  zone  of  magnetization,  approximately 
25  km  wide  in  the  center  of  each  profile,  and  the 
associated  positive  anomaly  represent  the  axial 


anomaly.   On  either  side  of  this  zone  is  a  section 
of  negative  magnetizations  that  represent  the 
Matuyama  reversed  epoch,  which  in  turn  is 
flanked  by  the  Gauss  normal  and  on  the  west 
side  of  the  rift  in  some  profiles  the  begin- 
ning of  the  Gilbert  reversed  epoch. 

The  short-term  magnetic  events  (such  as  the 
Jaramillo  and  Olduvai)  do  not  stand  out  above 
the  high  wave  number  background  fluctuations 
for  surface  measured  magnetics.   The  transition 
zone  between  normal  and  reversed  material  neces- 
sarily appears  to  be  several  kilometers  wide. 
In  order  for  a  magnetic  excursion  of  the  earth's 
field  to  be  visible  its  duration  would  have  to 
be  greater  than  0.3  m.y.  when  a  spreading  rate 
of  1.2  cm/yr  is  assumed.   Random  injection  of 
dikes  adding  new  material  to  the  rift  area 
apparently  has  taken  place  over  a  zone  several 
kilometers  wide  [Matthews  and  Bath,  1967; 
Harrison,  1968;  Atwater  and  Mudie,  1973]. 

The  intensity  of  magnetization  is  dependent  on 
the  thickness  of  the  magnetized  layer  and  on  the 
annihilator  used.   The  layer  thickness  v;as 
assumed  to  be  500  m.   Increasing  the  layer  thick- 
ness to  1000  m  would  decrease  the  magnetization 
an  average  of  45%.   The  maximum  magnetization 
value  on  this  portion  of  the  ridge  crest  is 
35  A/ra  and  associated  with  the  axial  anomaly. 
Away  from  the  axial  anomaly  the  intensity  drops 
to  about  20  and  then  to  about  5  A/m  by  2.5  m.y. 


DISTANCE   (KM) 

Fig.  5.   Profile  20  (see  Figure  2  for  location), 
(a)  Measured  bathymetry.   (b)  Computer-simulated 
bathymetry.   (c)  Measured  magnetic  anomaly, 
(d)  Computer-generated  magnetic  anomaly.   A 
500-m  magnetized  layer  is  assumed  (b)  with 
numbered  unshaded  blocks  representing  reversed 
material.   Shaded  blocks  have  normally  magnetized 
material  with  1  representing  the  axial  anomaly. 
Width  of  blocks  is  based  on  a  1.2-cm/yr  spreading 
rate  and  the  Talwani  et  al.  [l97l]  magnetic 
chronology.   Underlined  values  are  intensities 
of  remanent  magnetization  In  amperes  per  meter. 
(For  conversion  to  SI  units,  1  y  -  1  nT;  0.001 
emu/cm^  ■  1  A/m.) 
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PROFILE    14 
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Fig.  6.   Profile  lA  over  TAG  hydrothermal  field 
(see  Figure  2  for  location) .   (a)  Measured 
bathymetry.   (b)  Computer-simulated  bathymetry, 
(c)  Measured  magnetic  anomaly.   (d)  Computer- 
generated  magnetic  anomaly.   A  500-m  magnetized 
layer  is  assumed  (b)  with  numbered  unshaded 
blocks  representing  reversed  material.   Shaded 
blocks  are  normally  magnetized,  with  1  repre- 
senting the  axial  anomaly.   Width  of  blocks  is 
based  on  a  1.2-cm/yr  spreading  rate  and  the 
Talwani  et  al.  [1971]  magnetic  chronology. 
Underlined  values  arc  intensities  of  remanent 
magnetization  in  amperes  per  meter.   Bathyraetric 
peak  between  35  and  40  km  is  the  region  where 
hydrothermal  manganese  is  present. 


with  the  median  ridge,  but  occasionally  a  slight 
increase  occurs,  such  as  in  profiles  2,  4,  and  10. 

The  median  ridge  and  the  axis  line  indicate  that 
the  present-day  active  zone  of  spreading  is  not 
centered  in  the  Brunhes  normal  epoch  but  is  much 
closer  to  the  western  boundary.   Although  asym- 
metric spreading  appears  to  be  occurring  in  the 
area  of  the  Atlantic  at  26°N,  the  degree  of 
asymmetry  implied  by  the  position  of  this  axis  is 
not  s'jpi^orted  by  the  spreading  r^ff  -      This  la'ge 
asymmetry  supports  the  suggesticr.  that  injection 
of  new  material  occurs  over  an  area  in  the  rift 
zone  that  is  several  kilometers  wide.   From  the 
magnetization  it  can  be  seen  that  the  west  wall 
of  the  rift  is  slightly  older  than  the  east  wall. 
A  spreading  rate  of  1.1  cm/yr  for  the  west  side 
and  1.3  cm/yr  for  the  east  side  fits  the  data 
from  0  to  2.4  m.y.   The  spreading  rates  were 
determined  by  measuring  the  width  of  the  Matuyama 
epoch  on  each  side  of  the  ridge.   Matching  of 
anomaly  wavelengths  in  the  forward  n-.;thod  supports 
these  asymmetric  spreading  rates.   Averaging  to 
10  m.y.,  Lattimore  et  al.  [1974]  found  a  similar 
spreading  rate  asymmetry. 

To  the  north  on  the  Mid-Atlantic  Ridge  crest 
between  36°  and  37°N  an  asymmetry  in  spreading 
rate  was  also  found  with  0.9-1.0  cm/yr  on  the 
west  side  and  1.3  cm/yr  on  the  east  [Needham  and 
Francheteau,  1974;  Greenewalt  and  Taylor. 1974] . 
Between  6°  and  8"S,  van  Andel  and  Keath  [l970] 
found  faster  spreading  to  the  east  from  0  to  10 
m.y.   At  45°N,  asymmetric  spreading  occurs  but 
with  the  faster  1.28  cm/yr  on  the  west  and  1.1 
cm/yr  on  the  east  [Loncarevic  and  Parker,  1971]. 
Therefore  the  pattern  of  differential  spreading 
rates  for  the  North  Atlantic  apparently  changes 
north  ot  the  Azores  triple  Junction. 

Test  of  Rift  Model 


The  axial  block  can  be  seen  to  be  composed  of  a 
series  of  blocks  with  different  intensities  of 
magnetization.   A  pronounced  local  low  in  the 
magnetic  intensity  occurs  in  profiles  10  through 
18  with  a  value  between  2  and  10  A/m.   This  low 
is  associated  with  inferred  faulted  blocks  which 
can  be  traced  from  profile  8  through  profile  20 
(shaded  area  in  the  bathymetry)  [McGregor  and 
Rona,  1975].   The  elevation  of  these  blocks  is 
believed  to  be  a  function  of  the  fault  displace- 
ment.  The  TAG  hydrothermal  field  is  associated 
with  these  faulted  blocks.   Migrating  hydro- 
thermal  solutions  or  other  forms  of  alteration 
along  the  fault  zones  may  have  degraded  the 
magnetization.   The  median  ridge  in  the  forward 
method  was  modeled  with  very  high  intensity  of 
magnetization  (50  A/m)  on  the  basis  of  Moore 
et  al. 's  [1974]  interpretation  that  it  is  the 
site  of  active  dike  emplacement  at  36°N.   This 
high  magnetization  was  subsequently  confirmed  by 
Macdonald  et  al.  [1975]  with  deep  tow  data  over 
the  median  ridge.   Klitgord  [1974]  also  reported 
regions  of  high  magnetization  in  the  central 
anomaly  over  the  Gorda  Rise,  Galapagos  Spreading 
Center,  and  the  Pacific-Antarctic  Ridge.   By 
following  the  axis  line  through  the  profiles 
(Figure  4)  it  can  be  seen  from  the  inverse  method 
using  surface  magnetic  data  that  large  magneti- 
zations are  not  consistently  seen  associated 


By  using  the  magnetic  anomaly  pattern  and  shape, 
models  for  processes  and  origin  of  the  rift 
valley  can  be  tested.   Moore  et  al.  [1974]  pre- 
sented a  model  for  the  origin  of  the  rift  valley 
topography  at  36°N.   The  floor  of  the  rift  valley 
contains  linear  medial  ridge  segments  separated 
by  central  troughs.   The  ridge  is  believed  to 
mark  the  locus  of  active  volcanism,  and  the 
troughs  periods  of  quiescence  accompanied  by 
spreading.   In  Moore  et^  a^.'s  model  the  medial 
ridge  is  split  by  spreading  and  subsides  with 
tilting  toward  the  rift  valley  axis  during  the 
posteruptive  stage;  the  total  amount  of  tilting 
is  about  45°  about  an  axis  parallel  to  the  rift 
valley.   As  the  basalt  comprising  the  median 
ridge  cools,  a  direction  of  remanent  magnetiza- 
tion is  acquired.   At  a  later  time  when  the 
ridge  splits  and  tilts  toward  the  rift  valley 
axis,  the  direction  of  remanent  magnetization 
rotates,  an  action  which  alters  the  shape  of  the 
resulting  magnetic  anomaly. 

With  the  use  of  the  Talwani  et  al.  [l97l] 
reversal  chronology  and  the  Talwani  and  Heirtzler 
[1964]  computer  program  previously  discussed,  the 
effect  on  the  shape  of  the  anomaly  of  rotating 
the  direction  of  magnetization  can  be  assessed. 
Figure  7a  shows  the  anomaly  generated  at  36°N 
when  an  axial  dipole  and  no  rotation  (declination 
0°,  inclination  56°)  are  assumed.   Figure  7b 
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Fig.  7.   Models  using  the  forward  method  with  Idealized  blocks  of  sea  floor  to  show 
the  effect  of  (a)  normal  direction  of  magnetization  and  (b)  direction  of  magnetization 
rotated  45°.   Blocks  are  numbered  sequentially  away  from  the  axis  of  spreading,  with 
normally  magnetized  blocks  shaded.   Directions'  and  intensities  of  magnetization  used 
are  shown. 


shows  the  anomaly  generated  by  tilting  the  blocks 
45"  as  suggested  by  Moore  et  al.  [1974]  (declina- 
tion 46.4°,  inclination  35.9°  for  the  east  side 
of  the  ridge  and  declination  -46.4°,  inclination 
35.9°  for  the  west  side).   The  intensities  of 
magnetization  used  are  shown  and  are  in  agreement 
with  those  reported  by  Macdonald  et  al.  [1975], 
which  were  determined  by  inverting  deep  tow 
magnetic  field  data.   The  shape  of  the  axial 
anomaly  and  the  shapes  of  the  flanking  lows 
differ  considerably  (Figures  7a  and  7b).   From 
the  shape  of  the  axial  anomaly  measured  at  26°N 
(Figures  4  and  5)  it  does  not  appear  that  tilting 


of  the  blocks  in  the  rift  valley  has  occurred  as 
Moore  et  al.  [l974]  suggested  for  36°N.   Further 
confirmation  of  rotation  as  suggested  by  Moore 
et  al.  [1974]  must  await  analysis  of  magnetic 
anomalies  which  are  less  variable  in  shape  than 
the  ones  discussed  here.   It  seems  unlikely  that 
rotation  by  45°  is  a  general  feature  of  the  mag- 
netic blocks,  because  then  the  paleomagnetic 
pole  positions  obtained  from  the  shapes  of  the 
anomalies  [Larson  and  Chase,  1972]  would  not 
agree  with  paleomagnetic  pole  positions  deter- 
mined from  the  magnetic  anomalies  over  seamounts 
in  the  Pacific  [Harrison  et  al. .  1975]. 
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Summary 

The  magnetic  anomaly  pattern  along  the  Mid- 
Atlantic  Ridge  crest  is  very  smooth,  suggesting 
that  the  zone  of  dike  injection  is  several  kilo- 
meters wide.   The  topographic  axis  of  symmetry 
is  offset  to  the  west  of  the  magnetic  axis,  with 
a  slight  asymmetry  in  spreading  rate,  faster 
spreading  to  the  east  occurring  over  the  past  3 
m.y.  and  probably  over  the  last  10  m.y.   Varia- 
tions in  intensity  of  magnetization  parallel  to 
the  ridge  crest  are  present.   One  such  variation 
is  a  low  in  the  magnetic  anomaly  and  in  the  in- 
tensity of  magnetization  of  the  axial  anomaly 
associated  with  large  faulted  blocks  and  the  TAG 
hydrothermal  field  on  the  east  wall  of  the  rift 
valley.   Degradation  of  the  intensity  of  magneti- 
zation along  fault  zones  possibly  by  hydrothermal 
activity  is  suggested  as  the  origin  of  this  low, 
although  variations  in  block  thickness  cannot  be 
ruled  out.   From  magnetic  anomaly  model  studies 
it  appears  that  extensive  rotation  of  blocks  in 
the  rift  valley  has  not  occurred  as  part  of  the 
spreading  process. 
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The  New  England  Offshore  Mining  Environmental  Study  (NOMES)  was 
conducted  in  Massachusetts  Bay  during  June  1973.  The  project  was  designed 
to  study  the  dispersal  of  fine  particles  during  proposed  sand  and  gravel 
dredging  operations. 

Current  meter  and  drogue  measurements  revealed  a  strong  north-south 
current  shear  zone.  The  mean  motion  within  10  km  of  the  beach  was 
predominantly  northward,  while  seaward  of  this  limit  the  mean  flow  was 
mostly  southward. 

Silt-size  glass  spheres  and  synthetic  sphalerite  (ZnS)  particles  were  used 
as  tracers  to  determine  the  behavior  of  suspended  particles.  The  sphalerite 
data  showed  particle  dispersion  toward  Boston  Harbor,  eastward  toward 
Stellwagen  Bank  and  the  Atlantic,  and  southward  hugging  the  Massachusetts 
shore  and  following  a  counter-clockwise  gyre  in  Cape  Cod  Bay. 

Introducdon 

The  New  England  Offshore  Mining  Environmental  Study  (NOMES)  was  conducted  by  the 
National  Oceanic  and  Atmospheric  Administration  and  the  Commonwealth  of  Massa- 
chusetts in  June  1973,  to  help  determine  the  environmental  effects  of  offshore  sand  and  gravel 
dredging. 

The  study  was  designed  around  a  proposed  dredging  operation  in  which  764  000  m'  of 
sand  and  gravel  were  to  be  removed  from  a  site  12-9  km  east  of  Boston  (Figure  i).  It  was 
estimated  that  approximately  3%  (22  900  m^)  of  the  dredged  material  (particle  diameter 
<62'5  n)  would  be  pumped  over  the  side  of  the  dredge  as  dredging  waste. 

Significant  problems  can  be  caused  by  the  rain  of  fine  material  from  overboard  pumping  of 
dredge  spoil.  These  include: 

(a)  effects  on  metabolism  and  survival  of  organisms  confronted  with  high  concentrations 
of  fine  particulate  matter; 

(b)  effects  on  the  benthic  habitat  caused  by  sediment  removal  and  redeposition ;  and 

(c)  types,  amounts,  and  methods  of  chemical  constituents  transfer  to  the  water  column  or 
sediments,  and  their  amplification  by  organisms  through  the  marine  food  web. 

"NOAA,  Atlantic  Oceanographic  and  Meterological  Laboratories,  Miami,  Florida. 
*NOAA,  Environmental  Research  Laboratories,  Boulder,  Colorado. 
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The  tracer  experiment  began  on  ii  June  1973  and  terminated  on  21  June  1973.  The  day 
of  the  tracer  drop,  11  June,  will  hereafter  be  termed  'D-day',  while  days  prior  to  the  drop 
will  be  'D— i',  'D— 2',  etc.,  and  the  days  following  the  drop  will  be  'D  +  i',  'D+2',  etc. 
Meteorological,  current,  and  tide  data  were  collected  for  a  30-day  period  beginning  approxi- 
mately 2  weeks  prior  to  D-day. 


Tl'OCf^ 


70»30'W 


70*00' W 


Figure  i.  NOMES  dispersion  study  site,  showing  the  proposed  dredging  site 
(stippled  box)  where  test  particles  were  released,  sampling  area  (line  portion), 
generalized  path  of  drogues,  current  meter  locations  (black  dots  numbered  1-6 
and  A  and  B)  and  comparative  sample  stations  (stars),  where  D3~6  represents 
D  +  3  sample  6,  etc. 


Experimental  procedure 

Tracer  particles 

Fluorescent  dyes  such  as  rhodamine  B  were  deemed  inadequate  for  a  dredge  plume  simu- 
lation, since  dye  does  not  exhibit  the  settling  characteristics  of  natural  sedimentary  particles. 
Thus  a  tracer  was  used  composed  of  particles  which  exhibited  settling  characteristics  similar 
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to  those  of  natural  silt  and  clay-size  sediments,  but  were  easily  identifiable  from  particles 
indigenous  to  the  local  water  column  and  substrate. 

Two  types  of  particles  were  used  as  tracers.  The  first  were  small  spherical  glass  beads, 
selected  because  their  specific  gravity  of  2-5  approximated  that  of  quartz  (2-65)  and  other 
natural  sediments.  Nine  hundred  kilograms  of  glass  beads  were  used  in  the  experiment. 
With  an  average  particle  size  of  13-8  |i  an  estimated  2-6  X  10^^  beads  were  released  into  the 
water  column.  Unforeseen  difficulties  in  sizing  and  counting  of  glass  bead  samples  prevented 
meaningful  analysis  of  that  data.  Therefore,  interpretations  and  conclusions  in  this  paper  are 
based  on  data  from  the  sphalerite  counts  made  in  the  shore  laboratory  and  onboard  the 
tracking  vessel. 

Atmospheric  diffusion  studies  have  made  use  of  sphalerite  (ZnS)  particles  with  fluorescent 
inclusions  which  are  counted  with  a  specially  designed  fluorometer  (Nickola  et  ah,  1966).  It 
was  decided  that  this  same  method  could  be  utilized  in  water  to  provide  real-time  data  for 
the  plume  tracking.  Therefore,  as  a  supplementary  tracer,  laboratory-grown  sphalerite  (ZnS) 
crystals  with  fluorescent  inclusions  were  also  used  (ZnS;  Hellecon  2210,  U.S.  Radium 
Corp.;  P-22  Green,  GTE  Sylvania  Corp.).  Their  fluorescent  property  made  them  easily 
identifiable  under  a  microscope  in  ultraviolet  light.  Five  hundred  and  forty  kilograms  of 
sphalerite  crystals  were  used  in  the  experiment.  Since  the  specific  gravity  of  sphalerite  (4'i) 
is  greater  than  that  of  glass  beads  (2-5),  a  finer  grain  size  was  chosen  so  that  the  hydraulic 
settling  characteristics  of  the  two  types  of  particles  would  be  roughly  equivalent.  With  an 
average  particle  diameter  of  2-8  jtm,  an  estimated  3-8  X 10^*  sphalerite  particles  were  used. 

Particle  collection  and  analysis 

In  order  to  track  the  plume,  it  was  necessary  to  have  real-time  information  about  the  con- 
centration of  fluorescent  tracer  particles  in  the  water  column.  Water  samples  were  collected 
in  5-I  Niskin  bottles,  100  ml  aliquots  of  the  samples  were  filtered  on  board  the  vessel  through 
I  ji  filter  paper,  and  total  fluorescence  was  measured  using  the  Turner  fluorometer. 

Laboratory  procedure 

The  entire  5-I  sample  was  filtered  through  8  \i  millipore  filter  paper.  After  the  sample  was 
filtered,  5  1  of  fresh  seawater  were  run  through  the  filtering  system  to  pick  up  any  tracer 
particles  adhering  to  it.  Particles  on  the  filter  were  then  examined  with  a  binocular  microscope 
using  an  ultraviolet  light  to  identify  the  sphalerite  particles. 

Current  meters 

Twenty-eight  current  meters  were  deployed  at  eight  stations  on  24  and  25  May  1973,  for 
I  month.  Of  the  28  meters,  10  were  Aandaraa  and  18  were  photogeodynes  deployed  by 
EG  &  G  International,  Inc.  Current  meter  stations  are  shown  in  Figure  i.  No  data  were 
recorded  from  station  3.  Detailed  current  observations  are  discussed  below. 

Drogues 

Drogues  consisted  of  two  91  X  122  cm  aluminium  plates  connected  by  a  variable  length  cord 
to  a  4-1  cm  diameter  aluminium  pipe,  4-9  m  long.  Above  the  center  of  the  pipe  a  float  with  a 
number  was  attached.  On  the  top  of  the  pipe  a  flag  and  a  radar  reflector  were  placed,  while 
inside  the  upper  part  of  the  pipe  a  radio  transmitter  was  secured.  For  each  drogue,  the  signal 
transmitted  was  of  a  different  frequency,  so  that  direction  and  identity  of  each  drogue  was 
known. 
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Commencing  on  D-day,  a  continuous  3 -day  drogue  study  was  carried  out.  One  drogue 
each  was  deployed  at  depths  of  7,  12  and  22  m  on  D-day.  On  D+2  a  fourth  drogue  was 
added  at  17  m.  In  the  evening  of  D+3,  a  deep  32-m  drogue  was  deployed  and  was  followed 
for  3  days.  The  track  of  general  drogue  movement  is  shown  in  Figure  i . 


Temperature 

Temperature  data  were  taken  at  all  particle  sampling  stations  and  at  each  sample  depth.  A 
laboratory  thermometer  was  immersed  into  each  sample  immediately  upon  its  arrival  on  deck 
and  temperatures  read  to  the  nearest  o-i  °C. 


Surface 


292 


42°25'N 


42°I5'N 


70M5'W 


70-35' W 


Figure  2.  Salinity  data  (%„)  taken  on  Days  '  D  +  2 '  and  '  D  +  3 '  in  Massachusetts 
Bay  by  Manohar-Maharaj  and  Beardsley  (1973).  The  proposed  dredging  site  is 
shown  by  the  stippled  square. 


Salinity 

Salinity  data  were  collected  (Manohar-Maharaj  &  Beardsley,  1973)  on  days  D+2  and  D+3 
in  the  same  areas  as  the  water  samples  for  bead  counts  (Figure  2). 


Experimental  results  and  discussion 

Drogue  and  current  meter  data 

The  track  of  the  12-m  drogue  is  shown  in  Figure  3  as  well  as  the  locations  of  all  current 
meters.  Figure  3  shows  sequences  of  current  vector  fields  for  a  selected  subset  of  drogue 
observations.  There  are  a  total  of  29  observations  for  the  12-m  drogue  as  shown  in  Figure 
3(d).  Each  drogue  position  and  associated  vector  field  shows  the  drogue  position  at  the 
observed  time  in  relation  to  past  drogue  positions.  The  current  vector  fields  were  constructed 
from  data  subjected  to  a  3-h  low  pass  filter.  Thus  the  raw  data  were  smoothed  such  that 
fluctuations  with  periods  of  less  than  3  h  were  rejected.  The  data  were  then  resampled 
hourly.  Raw  data  time  intervals  were  5  min  for  the  photogeodynes  and  10  min  for  the 
Aandaraa  meters. 
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Drogue  movement  was  consistent  with  the  observed  current  fields  and  was  in  phase  with 
the  vector  at  station  A  while  it  was  near  A.  As  the  drogue  advanced  along  its  track,  it  fluctu- 
ated east  and  then  west  [Figure  3(a)]  and  then  east  again  in  phase  with  the  tidal  currents 
relative  to  the  fixed-point  (Eulerian)  measurements  at  A.  Figure  3(b)  shows  the  drogue  in 
a  region  of  transition  where  flows  near  station  5  begin  to  influence  its  motion.  Eventually  the 
drogue  was  transported  through  a  sharp  shear  zone  into  a  southerly  flowing  current  regime 
where  it  remained  [Figure  3(c)]. 
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Figure  3.  Twelve-meter  drogue  track,  (a)  while  under  the  influence  of  currents  near 
A  (D-day,  16.00  hours);  (b)  approaching  the  shear  zone  (D+i),  05.00  hours); 

(c)  while  under  the  influence  of  currents  near  4  and  5  (D  +  2,  04.00  hours) ;  and 

(d)  current  meter  depths  and  total  drogue  track  to  D  +  2,  06.00  hours. 


Sphalerite 

The  daily  sphalerite  counts  are  plotted  in  sequence  of  successive  days  and  depths  (Figures 
4-6).  It  should  be  noted  here  that  only  one  vessel  was  available  for  water  sampling,  therefore, 
the  data  were  collected  over  periods  of  up  to  12  h.  Although  a  biasing  of  the  data  by  tidal 
influences  is  probably  present,  a  coherent  pattern  of  obsen'ations  seems  to  emerge. 

On  D-day  all  samples  were  obtained  by  pumping  from  the  various  depths.  Later,  it  was 
discovered  that  sphalerite  particles  adhered  to  the  pump  hose  walls,  and  therefore  no 
sphalerite  data  were  plotted  for  D-day. 

Figure  4  shows  the  sphalerite  dispersion  on  day  D+i.  The  5-m  plot  shows  little  dispersion 
northward,  but  high  concentrations  moving  eastward  from  the  dumpsite.  The  lo-m  depth 
cloud  seemed  to  be  broken  into  two  major  sections,  one  with  a  high  of  11  640  particles  1~^ 
and  the  other  with  a  high  of  21  175  particles  1~*.  It  is  interesting  to  note  that  the  former  high 
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drifted  northward  in  a  direction  compatible  with  the  current  vectors  of  station  A  [Figure 
3(a)].  The  major  high  of  21  175  particles  1~^  was  roughly  in  the  same  position  as  the  7-m 
drogue  at  that  time.  The  15-  and  20-m  isopleth  maps  seem  to  exhibit  the  same  partitioning  of 
the  plume  into  northwest  and  southeast  portions.  Settling  was  apparently  taking  place  as 
evidenced  by  an  increase  in  magnitude  with  depth  of  concentration  highs.  The  general 
eastward  motion  of  the  higher  concentrations  seem  to  agree  with  the  previously  discussed 
displacement  of  the  drogues  under  tidally  dominated  eastward  flow. 
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Figure  4.  Sphalerite  isopleth  data  (particles/1)  for  day  'D  +  i '  at  depths  of  5,  10,  15 
and  20  m.  Some  isopleths  in  high  concentration  areas  have  been  deleted  for 
simplicity.  The  particle  dumpsite  is  shown  as  a  stippled  square. 


D+2  data  found  in  Figure  5  sustain  the  previous  day's  observation  that  the  particle  cloud 
was  partitioned  into  at  least  two  segments.  Relatively  high  counts  increased  in  magnitude 
toward  the  Boston  Harbor  mouth  at  depths  of  15  and  20  m.  This  sense  of  particle  motion  is 
consistent  with  the  general  concept  of  landward  bottom  transport  of  sediments  in  estuarine 
areas  (Meade,  1969).  It  should  also  be  noted  that  the  count  maximum  at  each  datum  plane 
was  at  least  an  order  of  magnitude  smaller  than  on  the  previous  day. 

Figure  6  illustrates  the  plots  for  day  D4-3.  On  that  day  there  were  inadequate  data  for  a 
plot  of  the  lo-m  level.  The  5-m  plot  shows  concentrations  increasing  rapidly  to  the  south  and 
landward,  a  distribution  in  harmony  with  the  general  flow  at  current  meter  station  4  [Figure 
3(a),  (b)].  A  similar  trend  was  observed  at  15  m  in  addition  to  apparent  plume  partitioning 
similar  to  the  data  at  15  m  for  the  previous  day.  Plots  at  20  and  30  m  also  show  partitioning 
with  a  concentration  increase  to  the  south. 

A  storm  cancelled  all  sampling  activities  for  the  latter  half  of  D-f-5  and  all  of  D+6.  By 
D+7  and  after,  the  concentrations  of  sphalerite  particles  in  the  water  were  so  low  that,  in 
using  the  microscope,  the  contamination  'noise'  and  the  count  'signal'  were  roughly  of  the 


915 


Particle  dispersion  in  Massachusetts  Bay 


461 


same  magnitude.  Therefore,  any  plots  of  sphalerite  data  would  be  questionable  at  best. 
However,  it  was  possible  to  make  Turner  fluorometer  measurements  on  D+y  and  D+8. 
Figure  7  is  a  composite  of  Turner  fluorometer  data  at  20  m  for  D+7  and  D+8.  Data  from 
42°05'N  and  to  the  south  are  for  D+7  and  to  the  north  of  42°05'N  for  D+8.  Two  note- 
worthy features  are  present  in  this  figure.  Although  based  on  one  sample  point  at  the  'toe'  of 
the  '40'  isopleth,  D+7  data  to  the  south  suggest  a  counterclockwise  motion  of  the  particles 
in  central  and  southern  Cape  Cod  Bay.  D+8  data  to  the  north  show  relatively  high  values  in 
apparent  motion  to  the  southeast.  The  isopleths  over  Stellwagen  Bank  are  more  closely 
spaced  and  somewhat  aligned  with  the  bathymetry  of  the  eastern  size  of  the  Bank. 
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Figure  5.  Sphalerite  isopleth  data  for  Day  'D  +  2'  as  in  Figure  4. 
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Figure  7.  Composite  of  Turner  fluorometer  data  for  days  'D  +  7'  and  'D  +  8'. 
Isopleths  in  relative  intensity  units. 
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Figure  8.  Temperature  data  (°C)  for  day  'D  +  3'.  The  particle  dumpsite  is  sho\vn 
as  a  stippled  square. 
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Temperature  data 

Temperature  data  were  collected  at  most  particle  sampling  stations  during  the  experiment. 
Figure  8  is  a  plot  of  the  horizontal  temperature  distributions  at  four  depths  on  D-I-3. 

In  Figure  6  the  lowest  concentration  isopleth,  at  the  5-m  level,  (500  particles  1~*)  occupied 
the  same  position  as  the  coolest  lobe  of  the  isotherm  plot  and  has  a  similar  geometry.  To  the 
southwest,  both  the  temperature  and  the  concentration  values  increase.  At  the  15-m  level, 
the  relatively  cool  lobes  occupying  the  central  area  of  the  isotherm  plot  correspond  to  the 
lowest  concentrations  in  the  isopleth  map.  As  in  the  5-m  data,  the  temperatures  and  con- 
centrations increase  to  the  southwest.  Although  less  obvious,  this  relationship  appears  to 
hold  true  for  the  20-m  level  also. 

These  data  seemingly  indicate  the  boundary  between  two  dissimilar  water  types,  one  rich 
in  test  particles  and  relatively  warm,  the  other  deficient  in  test  particles  and  relatively  cool. 
Lack  of  supporting  data  prohibits  speculation  for  the  cause  of  this  phenomenon  beyond 
suggesting  a  low  salinity  cool  water  plume  intruding  from  the  north. 
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'A')  are  from  nearly  identical  station  locations  as  shown  in  Figure  i.  Sphalerite 
concentrations  (particles/1)  are  shown  at  various  depths  next  to  each  profile. 
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Figure  9(a)-(d)  show  water  sample  stations  taken  before  and  after  the  storm.  As  seen  in 
Figure  i,  stations  within  each  frame  of  Figure  9  are  in  nearly  identical  locations  but  at 
different  times.  The  dashed  lines  represent  data  collected  before  the  storm  and  the  solid  lines 
represent  data  taken  after  the  storm.  The  numbers  next  to  the  temperature-depth  profiles  are 
values  of  the  sphalerite  concentrations  at  that  level.  Those  stations  which  represent  pre- 
storm  conditions  all  have  pronounced  seasonal  thermoclines.  The  storm's  effects  which 
extended  to  depths  of  30  m  induced  vertical  mixing  and  modified  or  destroyed  the  pre-storm 
thermoclines.  In  pre-storm  observations  the  sphalerite  concentrations  maxima  appear  at  or 
above  the  base  of  the  seasonal  thermocline.  The  pre-storm  conditions  of  this  stratified  two- 
layer  system  strongly  suggest  particles  'hanging  up'  on  or  about  the  thermocline.  This 
phenomenon  has  been  observed  elsewhere  in  the  world  oceans  (Jerlov,  1958;  Costing,  1970; 
Drake,  1971). 


Mathematical  modeling 

Mathematical  models  were  developed  at  M.I.T.  to  predict  the  dispersion  of  particles  in 
coastal  waters.  A  two-dimensional  finite  element  circulation  model  (Connor  &  Wang,  1973) 
and  a  compatible  finite  element  dispersion  model  (Leimkuhler,  1974;  Christodoulou  & 
Pearce,  1975)  were  developed.  The  dispersion  model  was  applied  specifically  to  this  experi- 
ment and  the  results  compared  in  a  favorable  manner  (Christodoulou  &  Pearce,  1975). 
By  comparing  several  dispersion  coefficients,  3om2s~^  appears  to  be  closest  to  reality, 
yielding  better  agreement  than  other  values  (50  m'*  s~^  and  100  m^  s~^). 


Conclusions 

Drogue  and  particle  concentration  data  show  that  net  water  and  particle  movement  during 
the  study  were  tidally  dominated  and  in  an  easterly  direction  until  a  current  shear  zone  east 
of  the  proposed  dredging  site  was  reached.  Eastward  of  this  shear  zone  a  strong  south 
flowing  current  predominated  and  was  responsible  for  the  southward  displacement  for  those 
drogues  and  portions  of  the  particle  plume  entrained  by  the  current. 

A  relatively  low  salinity  intrusion  (Figure  2)  moving  down  from  the  north  through  central 
Massachusetts  Bay  may  be  associated  with  the  consistent  southward  current  flow  at  the 
easternmost  current  meter  stations  (Figure  3)  as  well  as  the  'lobed'  nature  of  some  high 
gradient  isotherms  (Figure  8). 

Although  sphalerite  isopleth  maps  indicate  progressive  settling  with  time,  particle  settling 
was  apparently  impeded  by  the  presence  of  a  strong  vertical  gradient  of  temperature  and 
salinity  (pycnocline)  which  existed  before  the  storm.  This  pycnocline  may  have  caused 
greater  lateral  dispersion  in  the  upper  water  layer  than  might  otherwise  have  been  the  case. 
Although  the  experimental  particles  may  not  have  behaved  exactly  as  a  real  dredge  plume, 
they  were  a  more  reasonable  indicator  of  dredge  plume  dispersal  and  behavior  than  dissolved 
dye  traces  which  do  not  exhibit  the  sedimentary  characteristics  of  particles,  but  rather  the 
movement  of  the  water  alone. 

Caution  should  be  used  in  the  interpretation  of  the  dispersal  data,  and  conclusions  should 
not  be  extended  to  other  times  of  the  year.  From  evidence  presented  above,  it  is  reasonable 
to  conclude  that  the  dispersion  of  the  particle  plume  was  contingent  upon  the  stage  of  the 
tidal  cycle  at  introduction,  the  seasonal  structure  of  the  water  column,  and  the  effect  of  the 
storm  which  mixed  the  water  column  down  to  30  m  in  some  places  [Figure  9(a)]. 
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The  observed  dispersion  of  the  particle  plume  was  toward  Boston  Harbor  (Figure  5), 
eastward  toward  Stellwagen  Bank  (Figure  7),  and  then  southward  along  the  coast  into  Cape 
Cod  Bay  where  a  counterclockwise  gyre  was  suggested  (Figure  7). 
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ABSTRACT 

Along  the  base  of  Little  Bahama  Bank  and  out  into  the 
northeastern  Straits  of  Florida  in  depths  of  600  to  700  m,  the 
research  submersible  Alvin  encountered  an  extensive  area  of 
rocky  mounds  that  are  hundreds  of  metres  long  and  as  high  as 
50  m.  The  larger  mounds  are  elongated  in  the  direction  of  north- 
erly bottom  flow.  They  are  composed  of  surface-hardened  con- 
centric crusts  of  submarine-lithified  muddy  to  sandy  carbonate 
sediment  upon  which  a  dense  and  diverse  community  of  benthic 
organisms  such  as  crinoids,  corals,  and  sponges  attach.  Many  of 
the  organisms  grow  oriented  into  the  prevailing  northward  cur- 
rent. The  crusts  are  cemented  in  varying  degree  by  micritic 
magnesian  calcite  and  are  intensively  bored  by  endolithic 
organisms.  Excavation  of  the  softer  undercrust  by  currents  and 
(or)  organisms  can  produce  stromatactoid  voids.  It  appears  that 
these  deep  mounds  are  biohermal  in  nature  and  constructed  in 
situ  by  the  subsea  lithiflcation  of  successive  layers  of  trapped 
sediment  and  deposited  skeletal  debris.  The  term  "lithoherm"  is 
proposed  to  describe  the  mounds.  These  and  the  hardgrounds 
between  them  indicate  that  subsea  lithification  aids  in  the  accre- 
tion of  the  flanks  of  carbonate  platforms.  Micritic  carbonate 
build-ups  similar  to  lithoherms  have  been  recognized  in  the 
geologic  record.  The  mounds  of  the  Waulsortian  bank  margin 
offer  one  possible  ancient  analog. 


BACKGROUND 

Deep-water  biohermal  build-ups  and  foreslope  mud  mounds 
have  been  noted  in  the  deep  flank  and  basinal  facies  associated 
with  ancient  carbonate  platforms  (Evans  and  others,  1974; 
Wilson,  1975),  but  they  are  rarely  encountered  in  recent  facies.  A 
broad  band  of  topographic  irregularities  with  as  much  as  50  m  of 
relief  has  been  mapped  in  the  northeastern  Straits  of  Florida 
from  south  of  Bimini  northward  to  the  Blake  Plateau,  in  depths 
of  600  to  800  m,  10  to  150  km  from  the  margin  of  the  Bahama 
Banks.  Although  contoured  as  closely  spaced  east-west  valleys  and 


ridges  (Malloy  and  Hurley,  1970),  Hurley  and  others  (1962)  had 
earlier  noted  the  possibility  that  they  may  be  individual  mounds, 
likened  to  "haystacks."  Other  interpretations  of  the  bottom 
irregularities  in  this  general  area  have  included  outcropping  bed 
rock  and  (or)  slump  blocks  (Hurley  and  others,  1962),  erosional 
features  carved  by  present  (Pratt.  1966)  or  Pleistocene  bottom 
currents,  deposition  of  ^and  waves  (Uchupi,  1969),  and  the  growth 
of  unconsolidated  deep-sea  coral  mounds  (Stetson  and  others, 
1962). 

In  1971,  the  research  submersible /1/vm  made  a  series  of 
reconnaissance  dives  in  the  northeastern  Straits  of  Florida  at  the 
base  and  lower  slope  of  Little  Bahama  Bank  in  order  to  examine 
these  features  mapped  as  east-west  valley  and  ridge  (Fig.  1). 
Encountered  instead  were  numerous  rocky  mounds,  the  largest  of 
which  are  30  to  50  m  high,  elongate,  and  oriented  in  a  north- 
south  direction.  Some  samples  were  obtained  during  the  dives, 
and  more  were  dredged  in  follow-up  surface  cruises  between 
1973  and  1976.  During  these  later  cruises,  the  area  was  exten- 
sively surveyed  by  subbottom  seismic  profiling  with  small  chamb 
guns  (1  to  40  in.').  On  the  basis  of  our  in  situ  observations  usi 
Alvin,  analyses  of  rock  and  sediment  samples,  and  the  seismi-. 
reflection  profiles,  we  have  concluded  that  these  mounds  are 
the  product  of  in  situ  accumulation  and  lithification  of  pelagic 
and  bank-derived  carbonate  sediments.  The  term  "lithoherm" 
has  been  applied  to  the  mounds  in  order  to  emphasize  the  role 
that  subsea  cementation  plays  in  their  formation.  The  color 
photographs  presented  here  convey  the  critical  observations, 
made  through  the  viewing  ports  of  Alvin.  that  have  led  to  these 
conclusions.  Later  papers  will  deal  with  the  petrographic, 
geochemical,  and  geophysical  results  in  more  detail. 

OBSERVATIONS  AND  INTERPRETATIONS 

Of  the  five  dives  made  in  the  northeastern  Straits  of  Florida 
between  Memory  Rock  and  Matanilla  Buoy  off  Litt'e  Bahama 
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Figure  1.  Index  map  of  study  area. 


Bank,  four  were  in  the  region  of  the  mounds  at  depths  between 
639  and  675  m  and  13  to  22  km  from  the  bank  edge.  One  dive, 
only  6  km  from  the  bank  edge  at  504-m  depth,  encountered  a 
steep-wailed  canyon  complex  floored  with  bank-derived  sand  and 
blocks  of  float  (Fig.  1). 

The  elongate,  steep-sided  mounds  are  separated  by  smooth, 
flat  or  imperceptibly  sloping  areas  where  dark-colored  hard-rock 
bottom  (hardgrounds)  crops  out  in  patches  beneath  a  thin  veneer 
of  cream-colored  muddy  sand  and  light-brown  streaked  or  rippled 
sand.  TTje  patches  of  hardground  surface  are  made  apparent  by 
localized  clusters  of  organisms  that  preferentially  attach  to  this 
solid  substrate.  Much  of  the  surface  of  the  muddy  sand  has  dif- 
fuse, dark-colored  parallel  streaks,  like  windrows,  which  are 
oriented  north-south  and  spaced  about  10  cm  apart  (Fig.  2). 
Observed  at  close  range  (0.5  m),  the  streaks  appear  to  be  thin 
bands  of  mobile,  centimetre-sized  aggregates  of  foram-pteropod 
debris  loosely  held  together  by  fibrous  organic  material.  They 
are  moved  easily  by  weak  currents.  Nicknamed  "bedfluff  trans- 
port," this  process  appears  to  be  the  significant  mode  of  sediment 
transport  along  the  streaked,  flat  areas  between  the  mounds. 
There  were  also  occasional  patches  of  rippled  sand,  and  in  the 
area  of  dive  364  rippled  sand  was  dominant. 

The  orientation  of  the  streaks  and  the  observed  sediment 
transport  were  parallel  to  the  predominantly  northward  bottom 
current  in  the  area  of  the  dives.  Several  bottom-current  measure- 
ments, made  by  a  meter  mounted  on  the  submersible,  ranged 
from  2  to  7  cm/s  to  the  north  on  dive  364.  Regardless  of  direc- 
tional variations,  the  sedimentary  features — that  is,  current 
crescents,  streaks,  and  ripples— all  indicated  formation  by  a 
north-moving  current. 

Small,  irregular  mounds  often  dot  the  flat  sediment  or 
hardground  surfaces  between  the  larger  mounds.  Figure  3  shows 
a  small  mound  formed  by  a  low  half-dome  of  lithified  crust. 
Edges  of  individual  crusts  seen  on  both  large  and  small  mounds 
are  about  10  to  30  cm  thick.  Crust  surfaces  are  often  smooth, 


flat,  and  dense,  and  they  are  more  cemented  at  the  exposed  upper 
surface  and  become  progressively  less  cemented  and  more  irregu- 
lar toward  the  base.  This  was  confirmed  by  studies  of  dredged 
samples  (Wilber,  1976).  The  edge  of  a  crust  in  the  foreground  of 
Figure  3  has  been  excavated  by  the  action  of  currents  and  (or) 
organisms.  The  intercnist  voids  produced  by  excavation  would 
be  expected  to  have  flat  bases  and  irregular  roofs.  Later  infilling 
by  sediment  or  spar  could  produce  stromatactoid  structure. 

Attached  organisms  must  preferentially  select  the  hard  sub- 
strate, because  the  lithoherms,  as  well  as  local  patches  of  hard- 
grounds,  exhibit  a  dense  cover  of  benthic  growth  relative  to  the 
intervening  flats  of  unconsolidated  sediment.  Stalked  crinoids 
are  common  on  the  soft  sediment,  whereas  sponges,  unstalked 
crinoids,  ahermatypic  coral,  and  a  wide  variety  of  alcyonarians 
are  the  most  obvious  fauna  of  the  rocky  mounds  (Figs.  3,  4). 
Figure  4,  from  the  crest  of  a  larger  mound,  reveals  the  super- 
position of  four  crusts  as  well  as  an  excavated  intercrust  opening. 

The  sides  of  the  larger  mounds  are  abrupt  and  steep,  at  least 
20°  to  30°,  and  are  sometimes  only  thinly  veneered  with  sediment, 
as  evidenced  by  alcyonarian  attachment  to  the  rock  beneath 
(Fig.  5).  The  sides  at  the  long  ends  do  not  seem  as  steep  as  the 
.  flanks;  thus,  in  general  form,  the  mounds  appear  to  resemble 
an  inverted  boat.  Aprons  of  sand,  often  rippled,  were  observed 
at  the  base  of  some  of  the  mounds  in  areas  of  stronger  currents. 
At  one  place,  part  of  the  side  of  a  large  mound  had  fallen  away, 
or  was  otherwise  eroded,  revealing  a  series  of  overlapping,  con- 
centric crusts  about  10  to  30  cm  thick  which  appear  to  conform 
to  the  shape  of  the  lithoherm  (Fig.  6).  This  suggests  that  the 
mounds  have  an  onionskin-like  inner  structure  and  are  the 
product  of  layer-by-layer  construction  in  place,  rather  than  being 
slump  blocks. 

Both  the  microtopography  of  the  mound  crest  and  the  fauna 
of  observed  mounds  seemed  to  exhibit  considerable  variation  from 
mound  to  mound  within  a  small  area,  yet  no  single  mound 
appeared  to  exhibit  any  obvious  ecologic  zonation  upon  it.  Some 
lithoherms  are  very  narrow  and  rocky  at  the  crest  (Fig.  7);  others 
are  broad  and  rounded  (Figs.  5,  8,  9).  Some  are  veneered  with 
sediment  (Fig.  5),  and  some  are  thickly  encrusted  with  branching, 
deep-water  ahermatypic  coral  (Fig.  8).  Others  have  a  rocky 
surface  of  low  local  relief  (Fig.  9). 

The  crests  of  several  lithoherms  were  observed  to  be  partly  or 
entirely  topped  by  an  extremely  rugged  microtopography  of 
crescentic  embayments  10  to  30  cm  in  relief  and  dimension.  On 
the  sides  of  these  curved  scarps,  a  crude  bedding  is  revealed  that 
is  parallel  to  the  mound  surface  (Fig.  10).  Sectioned  samples  are 
seen  to  be  intensively  bored  by  a  variety  of  endolithic  organisms 
(Wilber,  1976),  and  it  is  suggested  that  the  irregular  microto- 
pography is  also  the  result  of  active  bioerosion.  Burrow  excavation 
of  the  less  well-cemented  undercrust  is  another  process  contribut- 
ing to  the  irregular  microtopography  of  many  mounds  (Figs.  3,  4, 
10).  Figure  11  shows  a  large  eel  emerging  from  an  excavation 
beneath  a  crust.  Local  piles  of  debris  at  the  doorstep  of  these 
openings  also  indicate  that  organisms  excavate  burrows  in  the 
softer  interarea  between  successive  crusts  (see  foreground  of 
Fig.  8). 

Deep-water,  branching  ahermatypic  corals  {JLophelia  sp.  and 
Enallopsammia  sp.)  are  an  often  obvious  component  of  the 
mound-top  fauna  (Figs.  3,  8,  10)  and  are  also  a  common  fossil 
component  of  sampled  rocks.  At  a  few  localities  the  coral  exhibited 
an  oriented  fabric  by  branching  mostly  with  or  into  the  northward- 
flowing  current.  The  large  white  cup-  or  fan-shaped  sponges 
on  the  mound  tops  and  hardgrounds  grow  with  their  concave 
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Figure  2.  Dive  36;  depth,  675  m.  North-south  streaks  uf  foram- 
pteropod  sand  on  thin  veneer  of  more  cohesive  muddy  sand,  beneath 
which  hardgrounds  with  attached  organisms  are  exposed. 


figure  S.  Dive  363;  depth,  about  655  m.  Koundcd  ercsl  of  2't-m 
lilhoherm  is  thinly  veneered  with  sand. 


Figure  3.  Dive  364;  deptli,  668  m.  Organisms  attach  to  exposure 
of  subsea  cemented  crust  Sand  shadow  ( background)  accumulates  In 
lee  of  an  obstacle.  Cunent  is  from  south  (left). 


Figure  6.  Dive  365;  depth,  639  m.  Exposed  base  of  lithoherm 
reveals  series  of  crusts  about  1 0  to  30  cm  thick. 


Figure  4.  Dive  362;  depth,  666  m.  Comatulids,  qmnges,  and 
alcyonarians  attached  to  rocky  crest  of  lithoherm  face  into  northwud 
current  (to  right). 


Figure  7.  Dive  364;  depth,  about  640  m.  Black  coral,  >!  m  high, 
atesched  to  sharp,  locky  crest  uf  a  lithoherm. 
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Figure  8.  Dive  364;  depth,  about  640  ni.  Broad  rounded  crest  of 
lilhoherm  densely  euvered  by  sponges  and  branching,  ahcrmatypie  curaL 


Figure  1  I.  Ut\x  362;  depth,  666  m.  tel  emerges  from  opening 
excavated  beneath  lithified  crust  on  top  of  lithoherm. 


Figure  9.  Dive  362;  depth,  about  666  m.  Rocky  crest  of  lithoherm 
showing  attached  organisms  and  low  local  relief. 


Figure  12.  Dive  362;  depth,  about  650  m.  Filtering  organisms 
respond  to  gentle  current  by  bending  with  it  like  the  sponge  (foreground), 
or  by  leaning  and  (or)  cupping  into  it,  as  sea  pen  and  stalked  crinoid  do 
(background).  Bottom  here  is  unconsolidated. 


Figure  ID.  Dive  363;  depth,  about  650  m.  Crescentic  scarps  create 
rugged  microtopography  on  this  rocky  mound  cresL  Note  layering  and 
dense  cover  of  attached  organisms. 


Figure  13.  Dive  365:depth,  about  640  m.  Thin  section  in  polarized 
light  shows  foram-pteropod  sand  lightly  cemented  by  microspar  and 
micritic  magnesian  calcite.  Foram  in  center  is  0.47  mm  in  diameter. 
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surfaces  facing  into  the  current  (Figs.  3,  4,  9).  Comatulid 
(unstalked)  crinoids,  often  positioned  on  the  rim  of  sponges  on 
the  hardgrounds  and  mound  tops,  also  cup  into  the  current 
(Fig.  4).  Sea  pens  (Pennatulids)  and  stalked  crinoids  on  the  inter- 
mound  areas  of  unconsolidated  sediment  also  lean  and  cup  into 
the  current  (Fig.  12).  The  current-oriented  behavior  of  the  deep 
crinoids  we  observed  has  been  discussed  in  more  detail  by 
Macurda  and  Meyer  (1974).  The  alcyonarians  of  planar  form  are 
almost  always  oriented  perpendicular  to  the  current.  Thus,  the 
filtering  organisms  observed  appear  to  establish  an  orientation 
and  spacing  that  allows  each  one  maximal  cross-sectional  exposure 
to  unobstructed  current  flow.  Under  proper  conditions,  evidence 
of  this  faunal  orientation  and  spacing,  especially  of  the  fixed 
sponges  and  corals,  should  be  carried  into  the  fossil  record  and 
provide  a  paleoecologic  indication  of  current  presence  and  direc- 
tion. Certainly,  the  sedimentary  structures  as  well  as  the  overall 
elongate  geometry  of  the  larger  lithoherms  preserve  a  current- 
oriented  fabric. 

The  process  of  initiation  of  the  mounds  is  not  apparent. 
They  could  begin  by  lithification  within  localized  accumulations 
of  sediment,  such  as  that  trapped  by  a  cluster  of  organisms  on  a 
flat  hardground,  or  accumulated  as  a  "sand  shadow"  in  the  lee 
of  attached  organisms  (see  background  of  Fig.  3).  Mound  nuclea- 
tion  could  also  be  triggered  by  hardground  deformation  due  to 
lateral  gravitational  forces  (Lindstrom,  1963)  or  the  "force  of 
crystallization"  (Shinn,  1969).  Grow^th  of  the  mound  is  believed 
to  result  as  the  benthic  community  that  has  selectively  attached 
itself  to  a  lithified  substrate  (1)  sheds  its  skeletal  debris  by  death 
or  growth,  (2)  adds  fecal  matter  filtered  from  the  water  column, 
and  (3)  perhaps  of  most  importance,  collects  detritus  by  the 
baffling  effect  of  the  dense  cover  of  benthic  growth.  Holes  and 
pits  produced  by  bioerosion  and  burrowing  in  and  under  rock 
surfaces  also  become  infilled  with  sediment  that  later  lithifies, 
and  this  too  serves  as  a  process  of  mound  maintenance. 

Pelagic  and  bank-derived  sediment  must  be  accumulating 
at  present,  and  yet  the  bank  tops  and  hardgrounds  are  only  thinly 
veneered  with  sediment.  This  suggests  that  the  lithifying  process 
responsible  for  the  mounds  and  hardgrounds  has  recently  been 
or  is  now  active;  otherwise,  a  thicker  sediment  mantle  and  fewer 
attached  organisms  might  be  expected. 

Some  analyses  of  rock  and  sediment  samples  have  been 
made.  The  rock  is  a  dense,  hard,  fossiliferous,  muddy  to  sandy, 
heavily  bored  limestone,  which  breaks  into  slablike  fragments 
with  a  smooth  upper  surface  and  a  more  irregular  undersurface. 
The  sediments  range  from  mud  to  sand.  The  sand  fraction  is 
mostly  planktonic  foram  and  pteropod  tests,  with  occasional  con- 
tributions of  obviously  shallow-water  detritus,  such  as  Halimeda 
fragments  and  oolitic  grains  (Wilber,  1976).  The  mineralogy  of 
the  unconsolidated  sediment  varies,  but  it  is  largely  aragonite 
with  lesser  amounts  of  largely  low-magnesium  calcite.  In  contrast, 
the  rock  is  mostly  magnesian  calcite  of  about  14  mol  percent 
MgCOs,  with  aragonite  common  only  where  unaltered  fossil 
ahermatypic  coral  and  pteropods  are  present.  Some  concentra- 
tions of  aragonitic  micrite  are  observed,  however  (Wilber,  1976). 
Electron  microprobe  analysis  shows  that  the  magnesium  is  con- 
centrated within  the  micritic  matrix.  The  abundant  macroborings 
appear  to  be  produced  mainly  by  endolithic  sponges,  living 
examples  of  which  are  occasionally  found  (Wilber,  1976).  Micro- 
borers  include  sponges  and  fungi  (R.  Perkins,  personal  commun.). 
Commonly,  there  has  been  more  than  one  generation  of  boring, 
infilling,  cementation,  and  reboring.  TTie  macrofossils  m  the  rock 


appear  to  be  the  same  ahermatypic  corals  living  on  the  mound 
tops  today.  The  rock  type  ranges  from  mud-supported  to  grain- 
supported  coral  biomicrudites,  foram-pteropod  biomicrites,  ai.v. 
biopelmicrites,  with  many  local  variations.  Figure  13  shows  d 
poorly  cemented  biopelmicrite;  other  rocks  range  from  moderately 
to  densely  cemented  biomicrites.  Occasional  rock  constituents 
include  fragments  of  echinoderms  and  calcareous  algae,  siliceous 
sponge  spicules,  oolitically  coated  grains,  composite  grains,  and 
micritized  grains.  Micropelleting  of  the  micritic  matrix  is 
observed,  as  are  pseudostylolitic  contacts,  geopetal  fills,  micritic 
rinds,  manganic  stains,  and  dentate  fringes  of  microspar  in 
sheltered  voids  (Wilber,  1976).  Many  of  these  features  have  been 
noted  and  associated  with  subsea  cementation  (Shinn,  1969; 
Bricker,  1971).  The  bioerosional  and  (or)  solutional  stylolitic 
contacts,  the  manganic  staining,  the  common  presence  of  multi- 
generation  boring  and  infilling,  and  the  gradation  from  well- 
lithified  to  poorly  lithified  rock  downward  within  a  crust  all 
indicate  that  the  lithifying  process  is  a  near-interface  phenomenon 
and  is  probably  now  active  within  the  bank-margin  and  basin 
environment. 

Some  preliminary  geochemical  data  are  available  and  are 
helpful.  Oxygen  isotope  analyses  of  bulk  biomicritic  rock  yield 
ratios  that  correspond  to  paleotemperatures  of  5.6°  and  8.4°C, 
and  these  are  within  the  5.5°  to  10°C  range  of  bottom  tempera- 
tures recorded  in  the  Straits  of  Florida  today  (Moore,  1965).  The 
only  radiocarbon  dates  done  so  far  are  on  a  bulk  rock  sample 
and  a  cleaned  fossil  coral  and  are  26,000  and  28,170  ±  500  C 
yr  B.P.,  respectively.  This  could  mean  a  Pleistocene  age  for  the 
cementation,  but  more  dates  are  needed,  and  other  observations 
already  discussed  suggest  that  lithification  continues  to  the 
present. 

DISCUSSION 

The  exact  nature  of  the  mechanism  of  subsea  lithification  is 
as  much  of  a  mystery  to  us  as  to  most.  Certainly,  the  supply  of 
potentially  reactive  aragonite  fines  to  the  deep  marginal  environ- 
ment (Neumann  and  Land,  1975)  could  play  a  part;  yet  these 
fines  are  also  supplied  to  the  south  Florida  margin  as  well  as  the 
deeper  parts  of  northwest  Providence  Channel,  where  modern 
products  of  subsea  cementation  are  not  common.  Submarine- 
lithified  hardgrounds  and  lithoherms  are  common  in  northern 
northwest  Providence  Channel  and  on  the  east  side  of  the  northern 
Straits  of  Florida  and  not  common  on  the  west  side  of  the  straits 
or  in  the  deeper  parts  of  northwest  Providence  Channel.  TTiis 
association  suggests  that  a  certain  type  of  oceanographic  control 
may  be  associated  with  subsea  cementation  in  this  area.  The 
floors  of  both  these  seaways  slope  upward  to  the  north  (Fig.  1), 
and  because  of  the  direction  of  bottom  flow,  the  area  of  lithifica- 
tion at  the  base  of  the  Bahaman  platform  here  is  also  one  of 
ascending  bottom  flow.  In  contrast,  the  bottom  flow  on  the 
Florida  side  of  the  straits  has  recently  been  seen  to  be  a  periodic 
southward-flowing  countercurrent  under  the  northward-coursing 
Florida  Current  above  (Duing  and  Johnson,  1972).  As  such,  the 
bottom  flow  on  the  west  is  more  often  descending  than  that  on 
the  eastern,  or  Bahama,  side.  On  the  Florida  side,  products  of 
modem  lithification  occur  less  commonly;  instead,  older  Tertiary 
rocks  of  the  Miami  terrace  escarpment  are  exposed  and  are 
encrusted  with  phosphatic  and  manganic  deposits.  They  exhibit 
smooth  surfaces  of  apparent  solutional  erosion.  The  low  sandy 
coral  banks  at  the  base  of  the  terrace  are  unconsolidated 
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(Neumann  and  Ball,  1970).  The  contrast  in  rock  types  and  mound 
types  on  either  side  of  the  straits  begs  for  an  explanation.  It  is 
tempting  to  suggest  that  in  the  ascending  bottom  water  on  the 
eastern  side,  the  effects  of  reduced  pressure  and  increased  tem- 
perature upon  the  CO2  system  promote  an  increase  of  super- 
saturation  that  does  not  occur  on  the  western,  descending,  side. 
This  manifests  itself  in  precipitation  of  cements  and  in  diagenetic 
alteration  of  sediment  at  or  just  below  the  sediment-water  inter- 
face, transforming  the  sediments  into  lithified  crusts  that  become 
either  mounds  of  micritic  rock  (lithoherms)  or  hardgrounds. 
Rate  of  deposition  of  sediment  and  sediment  texture  and 
mineralogy  must  also  play  a  part,  and  these  controls  are 
influenced  in  turn  by  the  oceanographic  regime. 

Which  controls  act  to  produce  which  topographic  form- 
mound  or  hardground — is  most  likely  a  function  of  local  effects, 
such  as  organism  attachment,  microtopography,  rate  of  deposi- 
tion, and  bottom  sediment  transport.  Once  a  mound  starts  to 
grow,  the  attachment  of  organisms  creates  something  of  a 
positive-feedback  system,  because  the  organisms,  in  selecting  the 
hard  substrate,  concentrate  sedimentation  there,  and,  when 
lithified,  this  adds  another  layer  of  crust  for  more  attachment; 
and  so  the  process  goes,  creating  densely  clustered  topographic 
forms  with  as  much  as  50  m  of  relief.  Shinn  (1969)  described  a 
similar  process  to  explain  formation  of  hardgrounds  in  the 
Persian  Gulf. 


SUMMARY 

The  submersible,  with  its  10-  to  20-m  range  of  effective 
viewing,  provides  the  observer  with  a  series  of  glimpses  taken 
close  up.  from  which  he  must  construct,  piecemeal,  a  unified 
impression.  Such  is  the  idealized  "lithoherm"  presented  in 
Figure  14.  The  northward  current  transports  sediment  along  the 


Figure  14.  Idealized  lithoherm  constructed  from  observations 
accumulated  in  four  dives  on  research  submersible  .4/i'/h.  Hardground  is 
exposed  (I'oregiound)  beneath  veneer  of  muddy  carbonate  sand.  Attached 
organisms  cluster  on  rocky  mound  composed  of  a  sequence  of  concen- 
tric crusts  of  submarine  lithified  sediment,  600  to  700  m  deep,  in 
northeastern  Straits  of  Florida. 


bottom,  as  indicated  by  the  streaks  and  ripples.  Sand  shadows 
accumulate  in  the  lee  of  irregularities.  Submarine  cementation 
by  processes  as  yet  poorly  known  follows  deposition.  Hardgrounds 
form  as  flat  surfaces  of  cementation.  A  mound  begins  if  a  locus 
of  deposition  is  established  by  one  of  several  suggested  means. 
Organisms  preferentially  attach  to  the  cemented  substrate, 
bore  into  it,  and  burrow  under  it.  The  organisms  provide  a  baffle 
that  further  localizes  deposition.  Corals  provide  coarse  skeletal 
debris.  Deposition  of  fecal  pellets  may  further  enhance  the  local 
accumulation.  Renewed  cementation  follows  deposition  in  a  mode 
that  may  be  either  continuous  or  episodic.  The  result  is  a  local 
build-up  of  roughly  concentric,  fossiliferous,  surface-hardened 
lithified  crusts.  The  development  of  this  build-up  in  a  regime  of 
bottom-current  flow  elongates  the  overall  moundlike  form  parallel 
to  the  dominant  flow  direction  and  may  also  result  in  oriented 
fossils  and  sedimentary  structures.  The  presence  of  these  features 
in  a  distinct  belt  or  band  within  the  interbank  seaways  suggests 
that  they  form  as  the  result  of  a  certain  chemical  oceanographic 
regime  or  of  the  interaction  of  such  a  regime  with  a  bank-derived 
supply  of  reactive  (aragonitic)  carbonate  fines. 

The  term  "lithoherm"  is  proposed  here  to  describe  these 
deep,  muddy  carbonate  build-ups  formed  by  the  constructive 
interaction  of  penecontemporaneous  submarine  lithification  and 
organism  attachment  below  the  photic  zone.  As  more  is  learned 
about  these  deep,  lithified  biohermal  features,  the  term  "litho- 
herm" can  be  better  defined.  Its  utility  at  present  is  to  call 
attention  to  the  presence  of  these  features,  to  signify  a  morpho- 
logical expression  of  subsea  lithification,  and  to  emphasize  the 
primary  role  of  this  chemical  process  in  a  biological  build-up. 

GEOLOGIC  SIGNIFICANCE 

The  presence  of  hardgrounds  and  lithoherms  on  the  flanks 
and  at  the  base  of  modern  carbonate  banks  indicates  that  sub- 
sea  lithified  sequences  may  be  a  significant  component  of  the 
lateral  accretion  of  these  platforms.  Our  preliminary  seismic 
data  suggest  that  this  is  so.  The  simple  atoll  model  of  carbonate 
platform  development  wherein  lagoonal  facies  are  contained 
within  talus-flanked  reef  walls  should  be  re-examined.  The  flank- 
ing deposits  may  be  volumetrically  important,  not  necessarily 
talus,  and  through  lithification,  play  a  major  role  in  bank-margin 
maintenance.  Our  present  indication  that  these  mounds  and 
hardgrounds  are  associated  with  an  oceanographic  regime  of 
ascending  bottom  water  may  yield  a  paleoceanographic  indicator 
useful  in  the  reconstruction  of  paleocirculation  systems. 

Teichert  (1958)  and  other  workers  have  warned  that  certain 
types  of  low,  unconsolidated  ahermatypic  coral  banks  develop 
below  the  photic  zone,  yet  ancient  bioherms  so  often  have  been 
associated  with  patch  reefs,  lagoonal  build-ups,  and  other  car- 
bonate platform  top-  or  shallow-marginal  environments  as  to 
make  the  general  term  one  with  shallow-water  affinity. 

In  the  geologic  record,  flanking  deposits  of  carbonate  plat- 
forms and  associated  lithoherms  could  readily  be  mistaken  for 
shallower  bank-margin  or  bank-top  facies  and  features.  As  far  as 
ancient  limestones  are  concerned,  we  should  be  suspicious  of  what 
we  view  as  indicators  of  depth,  especially  if  we  are  using  bio- 
hermal build-ups  for  our  criteria.  Through  Alvin  's  viewing  ports, 
600  to  700  m  down,  we  have  been  able  to  observe  biohermal 
structures  growing  at  the  base  of  the  carbonate  platform  flank 
and  also  well  out  into  the  adjacent  seaway.  If  the  porous  mound- 
bearing  facies  are  destined  to  be  reservoirs,  hydrocarbon  explora- 
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tion  could  be  extended  beyond  the  "rim  of  the  bucket"  and  into 
the  flanking  and  even  basin-floor  deposits  beyond. 

Are  there  examples  of  deep-water  lithoherms  in  ancient 
limestones?  Evans  and  others  (1974)  reported  800-m-thick 
sequences  of  stacked  lithoherms  in  Mesozoic  marginal  facies  in 
Morocco.  Our  seismic  profiles  also  reveal  stacked  sequences  of 
lithoherms  buried  beneath  the  floor  of  the  northeastern  Straits 
of  Florida.  Wilson  (1975)  recognized  deep  foreslope  mud  mounds 
as  a  characteristic  of  one  of  his  bank-margin  types.  He  cited  our 
observations  of  lithoherms  as  a  possible  modern  analog  of  the 
lov^er  Carboniferous  Waulsortian  mound-bearing  facies  seen  in 
Europe  and  North  America  (Wilson,  1975,  p.  168).  Some  of  the 
mounds  Wilson  has  cited,  like  those  in  New  Mexico,  are  oriented 
(p.  156),  most  are  not.  In  our  modern  example,  this  characteristic 
is  a  result  of  geostrophic  currents  associated  with  the  oceanic 
setting.  In  ancient  seaways  the  current  patterns  and  velocities 
might  have  been  more  variable.  Crinoids  are  components  common 
to  both  ancient  and  recent  examples,  but  stalked  crinoids  charac- 
teristic of  the  Waulsortian  mounds  are  found  associated  more 
often  in  our  area  with  the  unconsolidated  sediment  than  with 
the  rocky  mounds  or  hardgrounds.  Bryozoans,  common  in  the 
ancient  mounds,  are  not  common  in  our  case.  Certainly  the 
micritic,  crudely  layered  mound  rocks  are  very  similar,  and  the 
bank-margin  locale  is  the  same.  Even  stromatactoid  structures,  so 
common  in  ancient  mud  mounds,  could  be  accounted  for  in  our 
case  by  infilling  of  excavations  made  between  layers  of  surface- 
hardened  crust.  Clotted  texture  in  the  ancient  mud-mound  rocks 
could  result  on  the  macroscale  from  infilled  borings,  so  common 
in  our  modern  examples,  and  on  the  microscale  from  textures 
of  micritic  cements  (Wilber,  1971). 

A  lithoherm  origin  has  been  considered  in  some  detail  for  an 
Ordovician  mud  mound  in  southern  Nevada  by  Ross  and  others 
(1975),  but  they  stopped  short  of  concluding  this,  even  though 
many  aspects  of  the  two  are  similar.  Stromatactis  is  an  important 
component  of  this  Ordovician  mound,  as  it  is  in  many  ancient 
mud  mounds.  Burrow  structures  have  been  likened  to  stromatactis 
(Shinn,  1968),  and  burrows  modified  by  surface-hardened  hard- 
grounds  such  as  those  described  here  and  in  the  Persian  Gulf 
by  Shinn  (1969)  are  possible  sources  of  stromatactoid  cavities. 

We  concur  with  Wilson  (1975,  p.  168)  that  it  is  tempting  to 
cite  lithoherms  as  a  partial  analog  in  many  ancient  cases.  Both 
the  similarities  and  differences  between  the  lithoherms  and  the 
Waulsortian  mounds  in  particular,  and  mud  mounds  in  general, 
are  interesting  and  productive  to  consider.  Our  initial  observa- 
tions from  Alvin  and  some  possible  geologic  ramifications  are 
presented  here  in  order  to  stimulate  consideration  of  past  and 
present  biohermal  analogs. 
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J.J.  Veever's  paper  [1]  and  prior  work  based  on 
the  age-depth  relation  of  oceanic  crust  [2—4]  treat 
the  mean  crestal  depth  of  oceanic  ridges.  In  treating 
the  depth  of  an  oceanic  ridge  simply  as  variation 
about  a  mean,  they  overlook  a  systematic  variation  in 
depth  that  exists  along  the  axes  of  oceanic  ridges. 
Creslal  depth  along  the  axis  of  an  oceanic  ridge  varies 
as  a  function  of  geographic  latitude,  generally  increas- 
ing from  the  pole  to  the  equator  of  rotation  of  the 
hthospheric  plates  bounding  the  oceanic  ridge  [5]. 

When  this  systematic  variation  in  crestal  depth 
along  the  axes  of  oceanic  ridges  was  noted  [5] ,  it  was 
unclear  whether  the  depth  variation  was  related  to 
pole  of  plate  rotation  or  geographic  pole,  because  the 
present  poles  of  plate  rotation  tend  to  lie  close  to  the 
geographic  poles  (Table  1).  Menard  and  Dorman  [6] 
have  recently  shown  that  the  depth  variation  is 
related  to  geographic  latitude.  For  example,  the 
crestal  depth  of  the  Mid-Atlantic  Ridge  increases  as 
the  cosine  of  the  latitude  from  about  1  km  below  sea 
levelat60°N  to3  km  below  sea  level  at  10°N  (Fig.  I); 
the  depth  of  the  ridge  crest  is  irregular  in  an  equato- 
rial transition  zone  betvveen  about  10°N  and  5°S;  the 
depth  of  the  ridge  crest  then  decreases  from  about 
3  km  below  sea  level  at  5°S  to  2  km  below  sea  level 
at  52°S  (Table  1).  A  compilation  of  crestal  depths 
along  the  axes  of  other  oceanic  ridges  (Table  1)  based 
on  the  data  of  Anderson  et  al.  [4] ,  indicates  that  a 
latitude-depth  relation  also  holds  for  the  Southwest 
Indian  Ridge,  the  Carlsberg-Central  Indian  Ridge,  a 
segment  of  the  Southeast  Indian  Ridge  (segment  1  in 
Table  1),  the  Pacific-Antarctic  Ridge,  and  a  segment 
of  the  East  Pacific  Rise  (segment  4  in  Table  1). 


Exceptions  to  the  depth-latitude  relation  include  seg- 
ments of  the  Southeast  Indian  Ridge  (segments  2,  3, 
in  Table  1),  and  of  the  East  Pacific  Rise  (segments  I, 
2.  3,  in  Table  1). 

The  latitude-depth  relation,  the  systematic 
increase  in  crestal  depth  of  oceanic  ridges  toward  the 
equator,  is  obviously  independent  of  the  age-depth 
relation,  because  age  is  supposed  to  be  the  same  along 
the  axis  of  a  given  oceanic  ridge.  The  latitude-depth 
relation  appears  to  be  maintained  as  oceanic  crust 
subsides  about  an  oceanic  ridge  according  to  the  age- 
depth  relation.  For  example,  the  inclination  of  the 
axes  of  maximum  depth  of  the  eastern  and  western 
basins  of  the  North  Atlantic  and  of  the  axis  of  the 
crest  of  the  Mid-Atlantic  Ridge  are  sub-parallel 
(Fig.  1)  [5] ,  evidencing  the  independent  and  simul- 
taneous operation  of  the  latitude-depth  and  age-depth 
relations.  The  observation  of  the  systematic  variation 
of  crestal  depth,  along  the  axes  of  oceanic  ridges  does 
not  conflict  with  the  work  of  Veevers  [1]  and  others 
[2—4]  based  on  the  age-depth  relation,  but  indicates 
that  processes  other  than  thermal  contraction  of  the 
lithosphere  as  a  function  of  age  are  required  to 
explain  the  latitude-depth  relation  [6] ,  as  well  as 
exceptions  to  that  relation. 
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Plate  Tectonics, 

Energy  and  Mineral  Resources: 

Basic  Research  Leading  to  Payoff 


Peter  A.  Rona 


We  like  to  believe  that  basic 
research  ultimately  pays  off  in  practi- 
cal benefits.  Yet  when  the  theory  of 
plate  tectonics  was  developed  during 
the  1960's,  the  prognosis  for  its  impact 
on  mineral  prospects  was  generally 
negative.  The  conceptual  changes  of 
plate  tectonics  from  old  to  young 
ocean  basins  and  from  deterministic  to 
indeterministic  geotectonic  cycles 
were  initially  considered  to  be  un- 
favorable to  the  occurrence  of  energy 
and  mineral  resources,  including  hy- 
drocarbons and  metals.  The  pi'ognosis 
has  changed.  The  kinematic  model 
provided  by  plate  tectonics  of  the 
earth's  outer  layer  or  lithosphere,  in- 
volving the  interaction  of  a  small  num- 
ber of  large  plates  the  boundaries  of 
which  are  global  seismic  belts  (Fig- 
gures  1  and  2),  not  only  is  helping  to 
explain  the  distribution  and  genesis  of 
known  mineral  deposits,  but  also  is 


revealing   new   prospects    \Rona, 
1973al. 

The  earth  model  prior  to  plate  tec- 
tonics was  essentially  static  in  that 
continents  were  fixed  and  ocean 
basins  were  permanent.  Geotectonic 
cycles  of  mountain  building  were  con- 
sidered to  follow  a  predetermined  se- 
quence of  events  involving  a  finite 
number  of  variations  on  the  theme  of 
sediment  accumulation  in  elongate 
belts  (geosynclines)  and  subsequent 
crustal  accretion  involving  relatively 
small  horizontal  movements  and  verti- 
cal uplift.  Under  this  static  and  deter- 
ministic earth  model,  only  the  most 
accessible  energy  and  mineral  occur- 
rences were  discovered,  largely  by 
trial  and  error,  with  limited  under- 
standing of  why  and  where  the 
resources  might  occur.  The  earth 
model  of  plate  tectonics  is  dynamic, 
allowing  continents  to  drift  and  ocean 


basins  to  open  and  close.  Geotectonic 
cycles  follow  a  random  rather  than  a 
predetermined  sequence  of  events  in- 
volving an  infinite  number  of  varia- 
tions depending  on  continually  chang- 
ing plate  interactions.  Most  energy 
expended  at  the  surface  of  the  earth 
occurs  at  plate  boundaries,  including 
submarine  regions  that  were  not  ade- 
quately considered  prior  to  plate  tec- 
tonics. The  dynamic  and  indeter- 
ministic plate  tectonic  model  presents 
both  problems  and  prospects  for  the 
occurrence  of  energy  and  mineral 
resources. 

The  occurrence  of  energy  and  min- 
eral resources  is  related  to  plate  tec- 
tonics in  three  ways: 

1.  Geological  processes  driven  by 
energy  expended  at  plate  boundaries 
control  to  varying  degrees  the  forma- 
tion of  energy  and  mineral  resources. 

2-     Plate    motions    create    tectonic 
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Fig.  1.  Schematic  great  circle  section  through  the  equator  of  the  earth,  showing  lithospheric  plates,  plate  boundaries,  and 
occurrences  of  energy  and  mineral  resources.  The  thickness  of  the  lithosphere  is  expanded  by  a  factor  of  approximately  3  for 
clarity. 


settings  that  influence  the  formation 
of  energy  and  mineral  resources.  The 
two  fundamental  tectonic  settings  are 
opening  ocean  basins  created  by  di- 
vergent plate  motions  and  closing 
ocean  basins  created  by  convergent 
plate  motions. 

3.  Observed  relations  between  the 
formation  of  energy  and  mineral 
resources,  geological  processes  at 
plate  boundaries,  and  tectonic  settings 
can  be  used  to  decipher  their  past 
relations  by  interpretive  reconstruc- 
tion of  former  plate  configurations, 
following  the  unifurmitarian  principle 
of  geology,  which  states  that  the  pres- 
ent is  the  key  to  the  past. 


Resources  and  Opening 
Ocean  Basins 


The  opening  of  an  ocean  basin  about 
a  divergent  plate  boundary  is  accom- 
panied by  a  characteristic  sequence  of 
mineral  deposits.  The  sequence  begins 
when  development  of  a  divergent 
plate  boundary  rifts  a  continent  apart, 
and  the  continental  fragments  sepa- 
rate in  response  to  creation  of  oceanic 
lithosphere  by  sea  floor  spreading  to 
either  side  of  the  boundary  at  rates  of 
centimeters  per  year  (Figure  1).  The 
sequence  of  mineral  deposits  as  the 
continents  separate  is  related  to  the 


changing  basin  configuration  from  a 
sea  enclosed  by  the  surrounding  land- 
masses  to  an  open  ocean  basin.  The  se- 
quence may  he  interrupted  at  any 
stage  in  its  development  by  a 
reorganization  of  plate  motion. 

Hi/diocdihoHs 

The  preservation  of  organic  matter 
as  the  progenitor  of  hydrocarbons  in 
the  marine  environment  requires  a 
restriction  on  water  circulation  to  cre- 
ate oxygen  deficient  toxic  near-bot- 
tom conditions  that  inhibit  decomposi- 
tion and  consumption  of  the  organic 
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Fig.  2-     World  map  showing  principal  plates,  plate  boundaries,  and  belts  of  oceanic  crust  exposed  on  land  (ophiolites;  after 
Coleman  (19711), 


matter.  According  to  the  static  earth 
model,  a  buried  basement  ridge,  pres- 
ent beneath  the  seaward  edge  of  many 
continental  shelves,  served  as  the 
barrier  required  to  restrict  water 
circulation.  Consequently,  hydrocar- 
bon accumulations  were  assumed  to 
terminate  at  the  seaward  edge  of  the 
continental  shelf  at  depths  of  up  to 
about  100  m  below  sea  level.  Accord- 
ing to  the  plate  tectonic  model,  the 
surrounding  landmasses  constitute  the 
barrier  required  to  restrict  water  cir- 
culation during  the  sea  stage  of  open- 
ing of  an  ocean  basin  about  a  diver- 
gent plate  boundary.  Consequently, 
hydrocarbon  accumulations  do  not 
terminate  at  the  shelf  edge  but  may 
extend  seaward  beneath  the  continen- 
tal slope  and  continental  rise  in  the 
deep  ocean  basin  at  depths  of  up  to  (i 
km  below  sea  level. 

When  evaporation  of  seawater 
within  the  sea  exceeds  inflow  from  ex- 
terior oceans  restricted  by  the  sur- 
rounding landmasses,  salinity  of  the 
sea  increases  until  rock  salt  is  deposi- 
ted in  layers  that  may  form  beds  kilo- 
meters thick.  As  a  consequence  of  con- 
tinued separation  of  the  surrounding 
landmasses  by  sea  floor  spreading  ac- 
companied by  subsidence  of  the  adja- 
cent continental  margins  the  barrier 
to    water    circulation    is    breached. 


Water  circulation  switches  from 
restricted  to  unrestricted  and  the  ac- 
cumulation of  organic  matter  and  rock 
salt  ceases.  High  geothei'mal  gra- 
dients associated  with  rifting  and  in- 
creasing pressure  due  to  progressive 
burial  beneath  continental  margin 
sediment  of  several  kilometers'  thick- 
ness facilitate  conversion  of  the 
organic  matter  to  oil  and  gas.  The 
buried  salt  beds,  inherently  unstable 
due  to  density  differential  with  sur- 
rounding sediments,  may  eventually 
rise  through  overlying  sedimentary 
strata  as  domes  that  trap  any  oil  and 
gas  present  beneath  opposite  margins 
of  the  opening  ocean  basin. 

Proposed  on  the  basis  of  limited 
data  \R(»ia,  19G9,  19701,  the  relation 
between  the  sea  stage  in  the  opening 
of  an  ocean  basin  and  the  accumulation 
of  hydrocarbons  and  rock  salt  has 
received  support  from  subsequent 
findings  in  the  Red  Sea  and  the  Atlan- 
tic Ocean.  In  the  Red  Sea,  represent- 
ing the  sea  stage  of  opening,  wells 
have  encountered  hydrocarbons  asso- 
ciated with  high  geothermal  gradients 
and  rock  salt  up  to  5  km  thick:  seismic 
reflection  profiles  reveal  that  the  salt 
extends  beneath  a  large  area  of  the 
sea  \L(,weU  mid  Geiiik.  19721.  In  the 
Atlantic,  representing  the  ocean  basin 
stage   of  opening,   Deep-Sea   Drilling 


Project  holes  and  seismic  reflection 
profiles  have  confirmed  that  rock  salt 
beds,  domes,  and  hydrocarbons  pres- 
ent in  certain  sedimentary  basins  be- 
neath continental  shelves  extend  sea- 
ward beneath  continental  slopes  and 
continental  rises  on  both  sides  of  the 
ocean  basin  (Figure  3;  see  also  Mclrer 
119751  and  Roberts  mid  Castun 
119751).  The  distribution  of  Atlantic 
hydrocarbon  and  salt  accumulations  in 
space  and  time  is  consistent  with  the 
independently  determined  history  of 
opening  of  the  North  Atlantic  (Late 
Triassic  and  Jurassic  periods;  see 
Roiiii  11970],  Schneider  and  Joliiiaoii 
119701,  Pun  tot  et  al.  119701,  and  Olson 
and  Leyden  [1973])  and  the  South  At- 
lantic (Early  Cretaceous  period;  see 
Belmonte  et  al.  11965],  Campos  et  at 
119741,  and  Scientific  Party  |1975|). 
From  preliminary  sampling  it  is  esti- 
mated that  10  times  the  amount  of 
reduced  carbon  exists  in  sediments  de- 
posited during  the  sea  stage  of  open- 
ing of  ocean  basins  than  is  present  in 
known  reserves  of  coal  and  petroleum 
[Ryan  and  Citn,  19771. 

Many  of  the  world's  most  produc- 
tive hydrocarbon  accumulations  exist 
in  sedimentary  basins  on  continents 
away  from  either  present  or  former 
plate  boundaries.  Despite  geograph- 
ic separation  these  hydrocarbon  accu- 
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imilations  may  be  related  to  geologic 
processes  at  <livergent  plate  bound- 
aries (Figures  1  and  2)  through  con- 
trol of  global  sea  level  primarily  by 
reversible  volume  changes  of  oceanic 
ridges.  The  volume  of  an  oceanic  ridge 
(divergent  plate  boun<iaryi  varies 
directly  with  rates  of  sea  floor  spread- 
ing during  opening  of  an  ocean  basin 
\Riiini.  19786;  Hiii/s  (Dill  Pitman. 
19":^:  FlenninNij  a,id  Rohtrls.  1973|. 
A  lift  volume  iiK-reasr  in  the  wnrlil 
nccanic  ridge  system  during  rclat  i\  i-ly 
fast  sea  lluor  spreading  reduces  ihe 
cubic  capacity  of  ocean  basins,  result- 
ing in  transgressions  of  shallow  seas 
onto  continents  and  deposition  of  a 
marine  sedimentary  se(iuence  that 
may  contain  organic  source  material 
and  reservoir  rocks  for  hydnicarlions 
iRdiKi.  197:-{/j|.  Conversely,  a  net  vol- 
ume decrease  in  the  oceanic  ridge  sys- 
tem during  relatively  slow  sea  tluor 
spreading  increases  the  cubic  capacity 
of  ocean  basins,  resulting  in  marine 
regression  and  the  worldwide  devel- 
opinent  of  unconformities  on  the  sedi- 
mentai'v  sequences  dtie  to  erosiun 
and'dr  nondepi>sition  \R"ini.  197H/i.  ri. 
The  marine  regression  ma\  create 
restricted  conditions  that  favor  the 
preservation  of  organic  matter,  and 
the  unconformities  may  act  as  traps 
for  hydrocarbon  accumuhitions. 
Reversible  volume  changes  of  the 
world  oceanic  ridge  system,  evidenced 
by  worldwide  unconformities  between 
sedimentary  sequences  accumulated 
during  the  past  (100  million  years,  have 
operated  in  cycles  of  tens  of  millions  of 
years,  the  time  scale  of  ge(dogic  ])eri- 
od?  \Slnss.  19()HI.  The  surfaces  of  un- 
conformities between  sedimentary  se- 
quences constitute  reflecting  and 
refracting  interfaces  that  are  cor- 
relatable  on  a  worldwide  basis  by  seis- 
mic methods  W'ltil  (unl  Mitcliniu. 
19771.  The  inferred  relation  between 
global  sea  level  and  stratigraphy  is 
proving  useful  in  exploration  for  hy- 
drocarbons associated  with  strat- 
igraphic  traps  and  also  provides 
globally  synchronous  time  references 
applicable  to  many  geologic  problems. 

Geiitin  riiKil  Em  njij 

The  components  necessary  for 
geothermal  systems  are  present  at  di- 
vergent plate  boundaries  (Figures  1 
and  2;  also  see  fT/i/c  /•  |19f).5|  i.  including 
heat  supplied  by  creation  of  oceanic 
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Fig.  3.  Atlantic  salt  deposits  [from  Rona.  1  976al  The  distribution  of  salt  in 
time  and  space  around  the  Atlantic  is  consistent  with  deposition  during  sea 
stages  in  the  opening  of  the  North  and  South  Atlantic  ocean  basins.  Areas  of 
hydrocarbon  potential  correspond  to  the  salt  deposits.  Deep-Sea  Drilling 
Project  sites  139,  140,  144  are  shown  (T,  Tertiary;  K,  Cretaceous:  J, 
Jurassic:  TR,  Triassic:  P,  Permian;  tvl,  Mississippian;  D,  Devonian;  S, 
Silurian;  PC,  Precambrian.) 


lithosphere  that  account.-  for  'Jft:  of 
the  earth's  estimated  total  rate  of 
heat  loss  of  10.2  x  lO'-cal/sl  WiUiams 
ami  Vo>i  Herzen.  19741.  a  recharge 
systeiTi  invidving  sea  or  meteoritic 
water,  a  circulation  system  through 
fractures  in  \nlcanic  rocks  emphiced 
at  the  plate  Vioundary.  and  a  sub- 
marine or  suhaeiial  discharge  sy>tein. 
Geothermal  energy  was  utilized  in 
Iceland  long  before  the  island  was  in- 
terpreted as  part  of  the  divergent 
plate  bounclary  that  forms  the  Mid- 
.Atlantic  Ridge.  Other  regicjiis  where 
divergent  plate  houmiaries  intersect 
land  offer  potential  for  geothermal  de- 
velopment, including  the  rift  valleys 
of  Africa  i  Figure  \K  the  Gulf  of 
California.  Salton  Sea.  and  Rio  Grande 
Rift  of  southwestern  North  .America. 
Geothermal  energy  is  inaccessible  as 
an  energy  resource  along  most  of  the 
5-1.0(J0-km-long  divergent  plate 
boundary  system  submerged  beneath 
the  oceans  ( Figure  2i.  Geothermal  en- 
ergy is  the  driving  force  of  hydrother- 
mal  processes  that  concentrate  metal- 


lic minerals  at  divergent  plate  b(]und- 
aries. 

M,  la  Is 

When  the  concept  of  creation  of 
oceanic  lithosphere  by  sea  floor 
spreading  about  oceanic  ridges  'diver- 
gent i)late  boundaries!  was  prop<ised 
IDntz.  19til;  //..V.S-.  19<;2l.  the  prospect 
for  metal  deposits  in  oceanic  crust 
I  the  brittle  upper  several  kilometers 
of  oceanic  lithospherei  was  considered 
negligible.  The  homogenous  composi- 
tion and  young  age  of  oceanic  crust 
were  thought  to  preclude  the  kind  of 
crustal  differentiati(m  that  has  con- 
centrated metal  deposits  in  older  con- 
tinental crust  \Diit:.  I9t>9|.  Contrary 
to  this  prognosis,  a  series  of  discov- 
eries has  demonstrated  that  metallic 
mineral  deposits  do  form  in  oceanic 
crust  at  sites  along  divergent  plate 
boundaries  during  both  the  sea  stage 
and  the  ocean  stage  in  the  opening  of 
an  ocean  basin. 

A    crui.-e    of   the    HMS    Challon/,,- 
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(liscovfivd  mftalliferous  sfdiment  on 
the  East  Pacifii-  Rise  [Mninn/  unit 
Ri'iiiinl.  18911.  ll  was  later  interred 
that  the  metalliferous  sediments  were 
formed  by  hydrothermal  processes 
related  to  volcanism  at  the  East  Pacif- 
ic Rise  |/?.r.//.'  ./  III..  i;tr)5;  i<ki>i- 
iii/iikiirii.  19(')4;  Anhiniiin  ami  Hn- 
iiiitti.  ISf)");  Hoxtiiiiii  mill  I'lttiaiiii. 
19(><>|.  Subsequent  work  has  better 
defined  the  distribution  and  k^""- 
chemislry  of  these  deposits  and  has 
established  their  genetic  association 
with  divergent  plate  boundaries.  The 
Deep-Sea  Drilling  Project  has  found 
that  as  a  consequence  of  sea  floor 
spreading,  metalliferous  sediments 
occur  in  a  layer  several  meters  thick 
overlying  basalt  of  oceanic  crust  both 
at  an<l  away  from  oceanic  ridges  in  all 
the  major  ocean  basins. 

Another  discovery  demonstrating 
that  metallic  mineral  deposits  form  in 
oceanic  crust  at  sites  along  divergent 
plate  boundaries  was  that  of  the  met- 
alliferous sediments  of  the  Red  Sea. 
which  was  made  by  .scientists  par- 
ticipating in  the  International  Indian 
Ocean  E.xpedition  (19ti;i-19(i5».  The 
metalliferous  sediments  are  concen- 
trated in  basins  along  the  divergent 
plate  boundary  at  the  a.xis  of  the  Red 
Sea  (Figure  2)  and  are  overlain  by  hot 
aqueous  (hydrothermal)  solutions 
from  which  the  sediments  precipitated 
under  conditions  of  restricteil  oceanic 
circulation  IDei/ins  uml  Ross.  19t>9l. 
The  hydrothermal  solutions  are  fur- 
ther stabilized  by  high  salinities 
acquired  by  flow  through  adjacent 
rock  salt  beds  characteristic  of  the  sea 
stage  of  opening.  Sampling  of  the  up- 
per 10  m  of  metalliferous  sediment  in 
the  largest  (5(i  x  lO*"  m-l  of  the  Hi 
basins  containing  hydrothermal  solu- 
tions and/or  metalliferous  sediments 
known  in  the  Red  Sea  revealed  a  total 
dry  weight  of  about  80  <<  10''  tons  con- 
taining 29'"  Fe.  :-!.4'"  Zn.  l.S'..  Cu.  O.l".. 
Ph.  .54  ppm  Ag.  and  0.5  ppm  Au,  with 
an  estimated  market  value  of  $2.5 
thousand  million  exclusive  of  recovery 
and  refining  costs  which  exceed  pres- 
ent technology  IBixilmtt  uml  Mini- 
heiiii.  19()9;  Biirkyr  iiiiil  Schoell.  19721. 
The  metal  content  of  metalliferous 
sediments  in  the  Red  Sea  is  generally 
higher  than  that  of  metalliferous  sedi- 
ments in  ocean  basins  due  to  dilution 
of  the  latter  with  other  types  of  .sedi- 
ment. The  distribution  of  metal- 
liferous sediments  indicates  formation 
primarily  by  hydrothermal  i)rocesses 


at  divergent  plate  boundaries  where 
the  se<liments  are  deposited  under 
conditions  of  restricted  water  circula- 
tion during  the  sea  stage  and  from 
where  they  are  dispersed  by  unre- 
stricted water  circulation  during  the 
ocean  stage  of  opening  of  an  ocean 
basin. 

The  TAC.  Hydrothermal  Field,  dis- 
covered by  the  NOAA  Trans-Atlantic 
(leotraverse  (TAG)  project  on  the 
Mid-Atlantic  Ridge  crest  in  the 
central  North  Atlantic  (F'igure  2). 
exemplifies  the  ocean  stage  in  the  .se- 
quence of  metal  deposition  in  an  open- 
ing ocean  basin  \Ri>mi  it  itl.,  197(>|.  In 
place  of  the  Red  Sea  basins,  filled  with 
metalliferous  sediments  overlain  by 
hydrothermal  solutions,  the  current- 
swe|)t  basalt  wall  of  the  rift  valley  at 
the  TAG  Hydrothermal  Field  is  en- 
crusted with  manganese  oxide  cen- 
timeters thick.  The  purity  (40'V.  Mn) 
and  the  rapid  accumulation  rate  (200 
mm/lO"  yr)  evidence  a  hydrothermal 
origin  for  the  manganese  oxide  {SrotI 
>t  III..  19741,  similar  to  metalliferous 
sediments  of  the  Reil  Sea  but  different 
from  hydrogenous  manganese  nodules 
of  mixed  metal  composition  that  slow- 
ly (1-10  mm/ 10"  yr)  precipitate  from 
sea  water.  It  is  infeasible  at  present  to 
drill  through  the  manganese  oxide  of 
the  TAG  Hydrothermal  Field  into  the 
underlying  basalt.  However,  observa- 
tions of  oceanic  crust  exposed  on  land 
(Figure  2)  suggest  that  the  man- 
ganese oxide  may  be  underlain  by  me- 
tallic sulfide  bodies,  which  constitute 
an  economically  important  class  of 
metal  deposits  to  be  considered  with 
reference  to  closing  ocean  basins.  The 
thermal  output  calculated  from  a  mea- 
sured near-bottom  water  temperature 
anomaly  attributed  to  hydrothermal 
discharge  at  the  TAG  Hydrothermal 
Field  is  several  megawatts  per  kilo- 
meter of  ridge  axis,  which  is  the  same 
order  of  magnitude  as  that  of  major 
continental  geothermal  systems 
\Rona  et  ai,  1975;  Lowell  and  Rorta, 
19761.  The  metalliferous  deposits  of 
the  Red  Sea  basins  and  the  TAG 
Hydrothermal  Field  indicate  that 
hydrothermal  processes  of  metal 
concentration  in  oceanic  crust  can 
act  continuously  from  the  sea  stage 
through  the  ocean  stage  in  the  opening 
of  an  ocean  basin  about  a  divergent 
plate  boundary. 

The  major  role  of  hydrothermal  ac- 
tivity at  divergent  plate  boundaries  is 
indicated  by  the  occurrence  of  metal- 


liferous sediments,  metalliferous  en- 
crustations, and  metallic  sulfide 
bodies  of  hydrothermal  origin  in 
oceanic  crust,  along  with  other  lines  of 
evidence  from  surrounding  rocks  in- 
cluding heat  flow  patterns,  hydration, 
and  isotopic  composition  \Sillit.oe, 
1972f/;  Spooiier  anil  Fyfe.  197:^; 
Hutch iii.soti.  1973;  Linfer.  19741.  Hy- 
drothermal convection  constitutes 
about  SOX  of  the  estimated  2  x  10' -^ 
cal/s  rate  of  heat  loss  from 
lithospheric  cooling  at  divergent  plate 
boundaries;  the  balance  of  20')'..  is  due 
to  heat  conduction  through  the  rocks 
I  H'(7/;a//(,s  anil  Von  Henen.  1974|. 
Sub-sea  floor  hydrothermal  convec- 
tion systems  involving  the  circulation 
of  seawater  through  oceanic  crust  and 
upper  mantle  driven  by  volcanic  heat 
sources  are  hypothesized  to  concen- 
trate metallic  ores  at  divergent  plate 
boundaries  as  follows:  cold  dense  sea- 
water  penetrates  fractures  in  newly 
created  basalt,  is  heated  by  hot  vol- 
canic rocks  at  depth,  rises  in  response 
to  decreased  density,  dissolves  metals 
disseminated  in  low  concentrations  in 
the  basalt,  transports  the  metals  as 
chloride  complexes,  and  precipitates 
metals  during  ascent  through  chemi- 
cal and  physical  gradients,  beginning 
with  precipitation  of  metallic  sulfide 
bodies  under  reducing  conditions 
within  the  basalt,  continuing  with  pre- 
cipitation of  metallic  oxide  encrusta- 
tions under  oxidizing  conditions  at  the 
basalt-seawater  interface,  and  ending 
with  precipitation  of  metal-rich  sus- 
pended particulate  matter  from  dis- 
charge into  the  overlying  water  col- 
umn, which  settles  out  as  metal- 
liferous sediments  IKrniixkopf,  195C; 
Hehjeson.  1964:  Corlis.'i,  1971; 
Bnstrom,  1973;  Boiiatti.  19751. 

The  intensity  of  hydrothermal 
metal  concentrating  processes  com- 
pensates for  the  homogeneous  com- 
position and  relatively  young  age  of 
oceanic  crust.  Hydrothermal  metal 
deposits  do  not  form  continuously 
along  divergent  plate  boundaries  but 
are  localized  where  structural  and 
thermal  conditions  favor  exceptionally 
intense  hydrothermal  circulation.  To 
date,  only  a  few  active  hydrothermal 
mineral  fields,  including  the  Red  Sea 
basins  and  the  TAG  Hydrothermal 
Field,  are  known  along  the  worldwide 
divergent  plate  boundary  system 
(Figure  2).  A  small  inactive  hydro- 
thermal  deposit  was  found  on  the  Mid- 
Atlantic  Ridge  crest  1000  km  north  of 
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Fig.  4.     Mineral  provinces  shown  on  the  continents  [Schuiling,  1967;  Petrascheck.  19731  in  reconstructed  positions  during 
the  Triassic  period  (220  ±  20  my.  B.P.;  see  Smith  et  at.  (1973))  prior  to  continental  separation. 


the  TAG  Hyclrothermal  Field  by  the 
Famous  project  (Figure  2;  see  also 
ArcijiiiKi  1 19751 1.  An  active  hydro- 
thermal  field  at  the  Galapagos  spread- 
ing center  in  the  eastern  equatorial 
Pacific  was  investigated  in  recent 
dives  by  the  deep  submergence 
research  vehicle  Atrin  \Cnrlisft  tt  n\.. 
197f);    HV/.s.s  tV  .(/..  19TGI. 

Once  formed  at  a  divergent  plate 
boundary,  the  hydrothermal  metal  de- 
posits are  moved  away  from  the 
boundary  by  sea  floor  spreading.  The 
distribution  of  hydrothermal  mineral 
deposits  in  oceanic  crust  is  presently 
unknown.  Knowledge  of  hydrothermal 
ore  forming  processes  at  divergent 
plate  boundaries  is  helping  to  guide 
e.xpioralion  for  metal  deposits  in 
oceanic  crust  exposed  on  land  where 


accessible  to  immediate  exploitation 
(Figure  1.  to  be  considered  with  I'efer- 
ence  to  closing  ocean  basins >  and  in 
oceanic  crust  submerged  beneath 
ocean  basins  where  some  deposits  may 
eventually  become  exploitable.  Eval- 
uation of  the  metallic  mineral  poten- 
tial of  oceanic  crust  which  covers  two 
thirds  of  the  earth  is  contingent  on  the 
results  of  this  exploration  on  land  and 
at  sea. 

Rittnl  Cot,l,„,>'t,il  Mnnml 
Pn,rn,r,s 

Two  distinct  situations  relevant  to 
the  occurrence  of  mineral  resources 
exist  when  a  continent  rifts  apart  and 
an  intervening  ocean  basin  uiiens  in 
response  to  sea  floor  spreading  ahuut 


a  divergent  plate  boundary.  In  the 
first  situation,  already  considered, 
metal  deposits  are  concentrated  in 
oceanic  crust  by  hydrothermal  pro- 
cesses at  the  divergent  plate  bound- 
ary. In  the  second  situation,  preexist- 
ing mineral  provinces  of  the  continent 
are  rifted  apart  and  separate  as  the 
ocean  basin  grows  between  the  conti- 
nental fragments.  Knowledge  of  the 
location  of  a  mineral  province  that 
ti'ends  transverse  to  the  margin  of  one 
continental  fragment  can  lead  to  the 
continuation  of  that  mineral  province 
in  the  other  fragment  when  the  frag- 
ments are  reconstructed  to  their  pre- 
nft  configuration  by  morphologic  and 
paleomagnetic  techniques.  Mineral 
l)r(jvlnces  that  may  have  been  separ- 
ated (Figure  41  include  tin.  gold,  and 
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diamond  deposits  of  western  Africa 
and  eastern  South  America,  as  well  as 
tin  deposits  of  North  America,  Eu- 
rope, Australia,  and  southeast  Africa 
\Sclii(in„ij.  19(57;  Riiiimaiid.  1970;  Pe- 
frascheck.  1973:  Reid.  19741 .  The 
southward  trend  of  certain  prerift 
mineral  provinces  in  the  southern  con- 
tinents suggests  interesting  mineral 
potentiaffor  Antarctica  (Figure  4;  see 
also  Riiiniells  |1970|).  The  mineral  po- 
tential of  microcontinents  such  as 
Madagascar  and  the  Seychelles  of  the 
Indian  Ocean  may  also  he  related  to 
their  prerift  positions.  Prerift  mineral 
provinces  must  be  distinguished  from 
postrift  provinces,  such  as  the  metal 
provinces  along  the  western  margins 
of  the  Americas  formed  at  convergent 
plate  boundaries  during  closing  of  the 
Pacific  (Figures  4  and  5>. 

Resources  and  Closing 
Ocean  Basins 

When  a  great  circle  section  of  the 
earth  is  viewed  (Figure  1),  it  is  appar- 
ent that  the  opening  of  ocean  basins 
by  crustal  creation  at  divergent  plate 
boundaries  requires  the  closing  of 
other  ocean  basins  by  crustal  destruc- 
tion at  convergent  plate  boundaries,  if 
the  diameter  of  the  earth  remains  es- 
sentially constant.  Like  all  ocean 
basins  the  oceanic  lithosphere  of  the 
Pacific  is  being  created  at  divergent 
plate  boundaries.  Unlike  opening 
ocean  basins  the  oceanic  lithosphere  is 
being  consumed  at  convergent  plate 
boundaries  around  the  Pacific  faster 
than  it  is  being  created.  The  closing  of 
an  ocean  basin  is  accompanied  by  the 
formation  of  characteristic  energy  and 
mineral  resources  at  the  convergent 
plate  boundaries  around  its  perimeter. 
From  a  resource  point  of  view,  the 
name  'ring  of  fire'  for  the  circum -Pa- 
cific region  could  well  be  changed  to 
"ring  of  resources'  \Rntin  and  Neii- 
ninii.  1976(1,  b\. 

The  nature  of  interactions  between 
converging  plates  continually  changes 
in  space  and  time,  creating  different 
tectonic  settings  that  influence  the 
occurrence  of  energy  and  mineral 
resources.  Certain  broad  patterns 
emerge  in  the  relation  between  tec- 
tonic settings  and  resources,  appar- 
ently related  to  rate  and  direction  of 
plate  convergence.  When  oceanic 
lithosphere    and    continental    litho- 


sphere converge,  in  the  general 
(stable)  case  an  oceanic  trench  forms, 
and  the  heavier  oceanic  lithosphere 
descends  beneath  the  lighter  continen- 
tal lithosphere  (subduction) .  The 
oceanic  litho.-phere  is  subducted  along 
an  inclined  plane,  identified  by  earth- 
quakes of  the  Benioff  seismic  zone 
(Figure  1).  The  inclination  of  the 
Benioff  zone  along  a  convergent  plate 
boundary  is  inversely  proportional  to 
the  relative  rate  of  plate  convergence 
\Lin/e>idyk,  19701.  Where  relative 
rates  of  plate  convergence  are  slow, 
such  as  along  sections  of  the  western 
Pacific  (about  5  cm/yr),  the  inclina- 
tion of  the  upper  portion  of  the  Benioff 
zone  is  high  (about  40°),  and  volcanic 
island  arcs  are  present.  Where  rela- 
tive rates  of  plate  convergence  are 
fast  (about  9  cm/yr),  such  as  along 
sections  of  the  eastern  Pacific,  the  in- 
clination of  the  upper  portion  of  the 
Benioff  zone  is  low  (about  15°),  and 
volcanic  island  arcs  are  absent 
\ Mitchell.  19731.  In  place  of  offshore 
island  arcs  a  volcanic  mountain  chain 
forms  on  the  adjacent  continent  which 
is  in  effect  an  island  arc  superposed  on 
the  continent,  like  the  Andes  of  west- 
ern South  America  (Figure  1).  In  the 
special  (unstable)  case  of  plate  con- 
vergence the  upper  portion  of  the 
oceanic  lithosphere  comprising  oceanic 
crust  and  upper  mantle  is  thrust  onto 
continental  lithosphere  (obduction). 
The  occurrence  of  mineral  resources 
at  convergent  plate  boundaries  of  a 
closing  ocean  basin  is  controlled  by 
geological  processes  at  the  boundaries 
and  influenced  by  the  different  tec- 
tonic settings  described. 

Hi/ihorarboiis 

Oceanic  trenches  and  volcanic  island 
arcs  that  form  at  convergent  plate 
boundaries  where  oceanic  lithosphere 
is  being  subducted  around  a  closing 
ocean  basin  create  a  habitat  that 
favors  accumulation  of  hydrocarbons 
iDicknisuii.  1974;  Ciirray.  1975; 
Ballji.  19751.  The  island  arcs  divide 
the  ocean  basin  into  marginal  basins. 
The  marginal  basins  and  the  oceanic 
trenches  catch  organic  matter  and 
sediment  and  restrict  water  circula- 
tion, so  that  the  organic  matter  may 
be  preserved.  Additional  deep-sea 
sediment  with  variable  organic  matter 
content    is    continuously    transported 


into  the  oceanic  trenches  during  .-sub- 
duction of  the  oceanic  lithosphere 
ISornkhtiii  et  iil..  19741.  Geothermal 
heat  in  the  trenches  and  marginal 
basins  facilitates  conversion  of  tht- 
organic  matter  to  oil  and  gas 
[Kleiiniie,  19751.  Deformation  of  the 
sediment  in  the  trenches  and  marf^mal 
basins  by  tectonic  forces  associated 
with  plate  convergence  forms  trap.- 
for  the  accumulation  of  hydrocarbons. 
For  e.xample,  the  marginal  basins  en- 
closed by  the  volcanic  island  ai'.s  of 
the  western  Pacific,  including  the 
South  China  Sea,  the  East  China  Sea, 
the  Yellow  Sea,  the  Sea  of  Japan,  the 
Sea  of  Okhotsk,  and  the  Bering  Sea, 
are  being  explored  as  some  of  the  most 
promising  areas  in  the  world  for  hy- 
drocarbons. The  oceanic  trencher  of 
the  Pacific  are  potential  targets  fui- 
future  exploration,  because  drilling 
would  not  be  economic  at  present 
owing  to  their  great  water  depth. 

Geiitlieniial  Eiiergy 

Geothermal  phenomena  including 
active  volcanoes,  hot  springs, 
fumaroles,  and  geysers  are  dis- 
tributed along  convergent  plate 
boundaries  where  oceanic  lithosi)here 
is  being  subducted  around  a  closing 
ocean  basin  (Figure  1).  The  geother- 
mal phenomena  result  from  heating 
due  to  mechanical  factors  (friction), 
chemical  reactions  (dehydration),  and 
internal  heat  of  the  eai-th  associated 
with  descent  of  the  oceanic 
lithosphere.  Despite  their  spectacular 
manifestation  as  the  'ring  of  fire' 
around  the  Pacific  the  estimated  rate 
of  heat  loss  from  these  surficial 
geothermal  phenomena  at  convergent 
plate  boundaries  is  5  x  10'°  cal/s  [Eld- 
er, 19C5I,  less  than  l"ii  of  the  estimated 
total  rate  of  heat  loss  from  the  earth. 
Considerable  potential  exists  for  uti- 
lization of  geothermal  energy  at  sub- 
ducting convergent  plate  boundaries. 
The  geothermal  energy  also  plays  an 
important  role  in  hydrothermal  ore 
forming  processes. 

MeUils 

Unlike  metal  deposits  at  divergent 
plate  boundaries  in  opening  ocean 
basins  that  are  difficult  to  explore  and 
presently  inaccessible  to  exploit, 
metal    deposits    at    convergent    plate 
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Map  of  precious  metal  deposits  and  plate  boundaries  of  the  Pacific  region  IRona  and  Neuman,  1976a.  b]. 


boundaries  are  exposed  on  land  ac- 
cessible to  exploration  and  exploita- 
tion (Figure  1>  The  metal  deposits  at 
convergent  plate  boundaries  are  con- 
centrated in  two  fundamentally 
different  ways  related  to  the  general 
case  of  subduction  and  the  special  case 
of  obduclion.  A  major  portion  of  base, 
precious,  iron,  and  ferroalloy  metals 
are  distributed  along  present  and 
former  convergent  plate  boundaries 
where  oceanic  lithosphere  has  been 
subducted  around  a  closing  ocean 
basin.  For  example,  in  the  eastern  Pa- 
cific, precious  metal  deposits  occur 
along  convergent  plate  boundaries  at 
the  western  margins  of  North  Amer- 
ica and  South  America  (Figure  5).  In 
the  western  Pacific,  precious  metal 
deposits  occur  on  volcanic  island  arcs 
including  Japan,  the  Philippines,  and 
Indonesia  at  present  convergent  plate 
boundaries  and  in  eastern  Asia  and 
Australia  at  former  convergent  plate 
boundaries  (Figure  5).  More  than  half 
of  the  western  world's  copper  produc- 
tion (about  45""  of  world  copper  pro- 
duction) comes  from  porphyry  copper 
deposits,  large-volume  low-grade  de- 
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posits  of  disseminated  copper  sulfide 
minerals  associated  with  volcanic 
rocks,  that  occur  at  present  or  former 
conve'rgent  plate  boundaries  (average 
size  deposit  150  x  10*^  tons:  average 
copper  content  0.8''ii).  Porphyry  cop- 
per deposits  frequently  contain  eco- 
nomically significant  quantities  of  mo- 
lybdenum and  gold. 

According  to  the  static  earth  model, 
the  source  for  circum-Pacific  metal 
deposits  was  generally  considered  to 
be  anomalous  metal  concentrations  in 
underlying  continental  crust  and  man- 
tle IKraiiskopt.  !9()7:  AW./c,  1970|. 
The  dynamic  earth  model  of  plate  tec- 
tonics has  identified  subducted  oceanic 
lithosphere  as  an  additional  source  for 
the  metal  deposits.  The  'geostill  con- 
cept' attempts  to  explain  how  metals 
may  be  distilled  from  one  plate 
(oceanic  lithosphere)  and  transferred 
to  another  plate  (continental 
lithosphere)  during  subduction.  The 
geostill  concept  envisages  extraction 
of  metals  from  seawater-saturated 
oceanic  crust  by  partial  melting  under 
conditions  of  increasing  temperature 
and  pressure  during  descent  of  oceanic 


lithosphere  along  a  Benioff  zone,  up- 
ward transport  of  the  metals  in  fluid 
anil  gaseous  phases,  addition  of  other 
metals  during  flow  through  overlying 
mantle  and  continental  lithosphere. 
and  concentration  of  the  metals  as  de- 
posits in  volcanic  island  arcs  and 
mountain  chains  by  primary  processes 
at  the  time  of  solidification  of  the  vol- 
canic rocks  and  by  secondary  pro- 
cesses following  their  solidification 
ISdirkhis,  1972:  Sillilne.  1972/<;  Gidlil. 
19721. 

Models  of  metallogenesis  associated 
with  subduction  at  convergent  plate 
boundaries  are  becoming  increasingly 
complex  in  order  to  differentiate 
multiple  interacting  processes  and  to 
explain  the  characteristics  of  actual 
deposits.  With  regard  to  subcrustal 
processes,  the  models  are  incorporat- 
ing variations  in  sources  of  metals, 
magmatic  processes,  seismicity, 
nature  of  lithospheric  descent,  and 
structure  of  the  subducted  plate 
[Krnuskopf.  1967;  James.  1971; 
Mitchell  ami  Carson,  1972.  1976; 
Stem  and  Wylie,  1973;  Oyarziiii  and 
Fnitos,  1974;  Sillitoe.  1974|.  The  pro- 
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portion  of  metals  derived  from  oceanic 
iithosphere,  mantle,  and  continental 
crust  is  being  traced,  by  using  sulfur, 
lead,  and  strontium  isotopes,  as  part  of 
a  study  of  metallogenesis  in  the  south- 
eastern Pacific  by  the  Nazca  Plate 
project  (Figures  1  and  2;  see  also 
D(Uich  119741,  Fiehl  et  ul.  |197G|,  and 
Heath  and  Dyinoiid  119771).  With 
regard  to  crustal  processes,  the  mod- 
els are  incorporating  variations  in 
regional  and  local  voicanism,  mag- 
matic  processes,  hydrothermal  ac- 
tivity, and  geologic  structure  of  vol- 
canic island  arcs  and  mountain  chains, 
resulting  in  the  merger  of  plate  tec- 
tonics with  traditional  field  geology 
{Mitchell  and  Bell.  19731 . 

The  special  case  of  obduction.  when 
slices  of  oceanic  crust  and  upper  man- 
tle perhaps  10  km  thick  by  tens  of 
kilometers  long  are  uprooted  from 
ocean  basins  or  marginal  basins  and 
emplaced  on  land  at  convergent  plate 
boundaries  (ophiolites;  for  example, 
Borneo  in  Figure  1:  see  Coleniim 
1 1971! I.  provides  remarkable  oppor- 
tunities for  study  and  exploitation  of 
metal  deposits  in  oceanic  crust.  As  a 
consequence  of  obduction  the  metal 
deposits  formed  in  oceanic  crust  by 
hydrothermal  processes  at  divergent 
plate  boundaries  (metalliferous  sedi- 
ments, metallic  encrustations,  metallic 
sulfide  bodies)  may  be  exposed  on 
land. 

The  copper  sulfide  ore  bodies  of  the 
Troodos  Massif  of  Cyprus  in  the  east- 
ern Mediterranean  (Figure  2) 
exemplify  economically  important  de- 
posits formed  in  oceanic  crust  by  hy- 
drothermal processes  during  sea  floor 
spreading,  similar  to  the  formation  of 
deposits  of  the  Red  Sea  basins  and  the 
TAG  Hydrothermal  Field.  Subse- 
quent to  formation  of  the  Troodos  de- 
posits the  oceanic  crust  was  emplaced 
on  land  as  an  ophiolite  during  a  former 
closing  of  a  section  of  the  Mediterra- 
nean \Ga.sx  and  Masxon-Sniith,  19(53; 
Moores  and  Vine.  1971|.  One  of  sev- 
eral copper  sulfide  ore  bodies  of  the 
Troodos  Massif  (Mavrovouni)  con- 
tains an  estimated  mass  greater  than 
15  X  lO*"  tons  with  average  composi- 
tion of  4.2'*.  copper,  48'*..  sulfur,  43'^.. 
iron,  QAx  zinc,  8  ppm  gold,  and  8  ppm 
silver  \Ciinxtantinoii  and  Gurett. 
1973].  Having  been  mined  since 
preclassical  times,  the  mineral  pro- 
ducts exported  from  Cyprus  had  an 


estimated  value  amounting  to  $30  mil- 
lion in  the  year  1970. 

Ophiolites  have  become  prospective 
a.s  a  consequence  of  the  realization 
that  hydrothermal  processes  con- 
centrate metallic  mineral  deposits  in 
oceanic  crust  at  divergent  plate 
boundaries  and  that  economic  mineral 
deposits  occur  in  oceanic  crust 
obducted  at  convergent  plate  bound- 
aries. Other  ophiolites  exist  along 
present  and  former  convergent  plate 
boundaries  where  ocean  basins  or 
marginal  basins  have  closed,  including 
regions  within  major  mountain  ranges 
such  as  the  Alpine-Himalayan  moun- 
tain belt,  the  Urals,  the  marginal 
ranges  of  eastern  and  western  North 
America,  volcanic  island  chains  along 
the  western  margin  of  the  Pacific,  and 
regions  along  former  convergent  plate 
boundaries  within  Asia  (Figure  2). 
Copper  sulfide  bodies  in  ophiolites. 
exemplified  by  the  Troodos  deposits, 
are  smaller  hut  of  higher  grade  than 
the  porphyry  copper  deposits 
described  in  conjunction  with  subduc- 
tion  at  convergent  plate  boundaries 
around  closing  ocean  basins.  The 
implications  of  the  size  differential  of 
such  deposits  for  the  economic  mineral 
potential  of  oceanic  crust  will  remain 
unclear  until  more  is  known  about  the 
distribution  of  copper  sulfide  bodies  in 
oceanic  crust. 

The  observation  that  a  major  por- 
tion of  known  base,  precious,  iron,  and 
ferroalloy  deposits  is  situated  along 
either  present  or  former  convergent 
plate  boundaries  around  closing  ocean 
basins  establishes  trends  of  miner- 
alization that  can  be  used  to  steer 
mineral  exploration.  The  developing 
understanding  of  how  the  metal  de- 
posits are  concentrated  at  convergent 
plate  boundaries,  involving  the  geo- 
still  concept  associated  with  subduc- 
tion  and  emplacement  of  ophiolites  by 
obduction,  is  being  used  to  identify 
those  tectonic  settings  where  geologic 
conditions  favor  the  occurrence  of 
metal  deposits. 

Summary 

Geological  processes  driven  by  en- 
ergy expended  at  plate  boundaries 
control  to  varying  degrees  the  forma- 
tion of  energy  and  mineral  resources. 
Reversible  volume  changes  of  oceanic 
ridges    (divergent   plate   boundaries) 


may  control  the  development  of  sedi- 
mentary sequences  and  stratigra|)hic 
traps  for  hydrocarbons.  Metalliferous 
sediments,  metallic  oxide  encrusta- 
tions, and  metallic  sulfide  bodies  are 
concentrated  in  oceanic  crust  by  hy- 
drothermal processes  at  divergent 
plate  boundaries  and  may  be  emplaced 
on  land  accessible  to  exploitation  by 
obduction  of  the  oceanic  crust  at  con- 
vergent plate  boundaries  (Figures  1 
and  2).  Many  base,  precious,  iron,  and 
ferroalloy  metal  ores  including  por- 
phyry deposits  are  concentrated  by 
|)rocesses  related  to  subductinn  of 
oceanic  crust  at  convergent  plate 
boundaries  (Figure  .5).  Geolhermal 
energy  resources  occur  at  both  diver- 
gent and  convergent  plate  boundaries. 

Plate  motions  create  tectonic  set- 
tings that  influence  the  formation  of 
energy  and  mineral  resources.  The  sea 
stage  of  opening  of  ocean  basins 
favors  the  accumulation  of  hydrocar- 
bons and  thick  layers  of  rock  salt 
(Figure  3).  Oceanic  trenches  and  mar- 
ginal basins  bounded  by  volcanic  is- 
land arcs  around  closing  ocean  basins 
also  create  habitats  that  favor  the  ac- 
cumulation of  hydrocarbons.  Tectonic 
settings  of  the  sea  stage  and  ocean 
stage  of  opening  ocean  basins  favor 
the  formation  of  hydrothermal  metal 
deposits.  Volcanic  island  arcs  and  vol- 
canic mountain  chains  at  convergent 
plate  boundaries  provide  the  tectonic 
settings  for  metallic  sulfide  bodies  and 
porphyry  deposits.  Plate  motions  also 
act  to  rift  apart  preexisting  mineral 
provinces  of  continents  and  microcon- 
tinents  (Figure  4). 

Current  research  on  the  formation 
of  energy  and  mineral  resources,  geo- 
logical processes  at  plate  boundaries, 
plate  motions,  and  tectonic  settings  is 
establishing  the  basis  for  judicious  use 
of  the  present  as  the  key  to  discover- 
ing resources  formed  during  past 
plate  tectonic  regimes.  Industry  is  ap- 
plying the  relations  between  plate  tec- 
tonics and  energy  and  mineral 
resoui-ces  to  guide  exploration  for  hy- 
drocarbons and  metals  [Rona,  197G//I. 
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Natural   Resources  Forum  1,  196-197 


Dr.  Rona  replies: 
Sir, 

I  am  pleased  to  answer  Mr.  A.  A.  Archer's  comments  on  my  paper  (Plate  Tectonics 
and  Mineral  Exploration,  Natural  Resources  Forum,  1,  No.  1).  Mr.  Archer's  comments 
pertain  to  the  development  of  the  theory  of  plate  tectonics,  the  status  of  understanding 
of  mineral  deposits  prior  to  plate  tectonics,  and  the  economic  mineral  potential  of  oce- 
anic crust. 

The  subject  of  my  paper  is  application  of  plate  tectonics  to  mineral  exploration.  This 
application  is  linked  to  the  change  in  the  prevalent  theoretical  vision  from  that  of  a  static 
to  a  dynamic  earth,  when  the  theory  of  plate  tectonics  places  the  dynamic  earth  vision  on 
a  solid  quantitative  base.  This  does  not  deny  either  the  contributions  of  early  workers  or 
the  recognition  of  a  limited  amount  of  earth  movement,  pointed  out  by  Mr.  Archer, 
under  the  old  theoretical  vision  of  a  static  earth.  It  emphasizes  the  conceptual  break- 
through of  plate  tectonics  relevant  to  application,  rather  than  the  development  relegated 
to  history. 

An  aim  of  mineral  exploration  is  to  achieve  an  understanding  that  can  be  used  to 
predict  the  locations  of  undiscovered  deposits.  A  groundwork  for  this  understanding  was 
laid  prior  to  the  advent  of  plate  tectonics  by  study  of  deposits  that  had  already  been 
discovered  and  grouping  of  similar  known  deposits  into  mineral  provinces.  That  the 
grouping  was  more  descriptive  than  predictive  is  suggested  by  the  observation  that  discov- 
ery has  generally  followed  a  trend  of  diminishing  size  and  accessibility  of  ore  deposit.  As 
stated  by  Mr.  Archer,  "The  theory  of  plate  tectonics  now  underlies  theories  on  minerali- 
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zation  and  the  distribution  of  many  mineral  deposits,  and  provides  a  satisfactory  funda- 
mental basis  for  further  studies." 

With  regard  to  economic  mineral  potential  of  oceanic  crust,  I  do  not  share  Mr.  Arch- 
er's disappointment  that  only  a  small  proportion  of  holes  of  the  Deep  Sea  Drilling 
Project  ('Glomar  Challenger')  have  found  abnormal  concentration  of  metals  far  from 
divergent  plate  boundaries  (oceanic  ridges).  On  the  contrary,  it  is  remarkable  how  many 
indications  of  metal  concentrations,  if  not  actual  deposits,  have  been  found  in  light  of  the 
fact  that  only  about  400  holes  have  been  drilled  to  date  in  ocean  basins  comprising  an 
area  of  362  000  000  square  kilometers  with  no  special  placement  of  holes  to  test  for 
mineral  deposits.  A  comparable  number  of  holes  may  be  required  to  delineate  a  single 
major  ore  body  on  land.  The  economic  prospect  for  recovering  metallic  ores,  other  than 
manganese  nodules,  from  the  deep  ocean  basin  is,  of  course,  long  term.  However,  know- 
ledge of  metal  deposits  formed  in  oceanic  crust  at  divergent  plate  boundaries  can  be 
immediately  applied  to  guide  exploration  for  metal  deposits  in  oceanic  crust  where  acces- 
sible to  exploitation  along  present  and  former  convergent  plate  boundaries,  as  emphasized 
in  my  paper. 

Yours  faithfully, 
PETER  A.  RONA 

National  Oceanic  and  Atmospheric  Administration 

Miami,  Florida 

USA 

18  November  1976 
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Time  and  Space  Variation  in  the  Surficial 
Sediments  of  the  New  York  Bight  Apex 


W.  L.  Stubblefield,  R.  W.  Permenter  and 
D.J.  P.  Swift 

Atlantic   Oceanographic   and  Meteorological   Laboratories,    i$   Rickenbacker 
Caiisezvay,  Miami,  Florida  33149,  U.S.A. 
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Keywords:  sediment  patterns,  sidescan  sonar,  band  waves,  sewage  disposal, 
dumping,  annual  variations,  New  York  Bight 

Sidescan  sonar  records,  grab  samples,  and  bottom  photographs  were  collected 
along  two  transects  in  the  New  York  Bight  apex,  on  a  quarterly  basis  for  six 
quarters.  Sampling  was  designed  to  determine  the  natural  variability  of 
bottom  deposits  in  time  and  space,  and  the  effect  of  ocean  dumping  on  these 
patterns. 

The  Hudson  Shelf  Valley  and  the  Christiaensen  Basin  at  its  head  are 
floored  by  fine  muddy  sand  and  mud,  while  the  high  areas  on  either  side  are 
covered  by  medivim  grained  sand.  Bottom  sands  on  the  seaward  side  are 
relatively  uniform.  On  the  New  Jersey  side,  and  near  the  Long  Island  coast, 
sand  ribbon-like  patterns  with  spacings  of  10-200  m  appear.  Separate 
dumpsitcs  for  sewage  sludge,  dredge  spoil,  cellar  dirt,  and  acid  waste  occur 
within  the  area. 

The  distribution  of  grain  sizes  and  bedform  patterns  are  stable  over  time, 
indicating  that  the  bottom  is  in  a  state  of  textural  near-equilibrium  with  the 
hydraulic  climate.  The  effects  of  ocean  dumping  are  most  obvious  in  the 
vicinity  of  the  dredge  spoil  dumpsite,  which  has  shoaled  15  m  within  the  last 
years.  Here  an  aureole  of  anomalously  fine  sediment  is  spreading  over  a 
bottom  locally  composed  of  artificial  rubble.  Cholera  Bank,  the  area  where 
the  highly  mobile  sewage  sludge  is  dumped,  is  floored  by  sand;  no  permanent 
sludge  deposits  form.  The  bottom  muds  of  the  adjacent  Christiaensen  Basin 
may,  however,  be  contaminated  with  this  material. 


Introduction 

Most  continental  shelves  are  veneered  with  a  mosaic  of  sediment  patches  of  contrasting 
grain  size.  The  pattern  is  in  part  inherited  from  the  passage  of  nearshore  depositional 
environments  during  the  Holocene  transgression,  and  in  part  to  reworking  of  bottom 
materials  by  the  modern  hydraulic  climate  (Swift  et  al.,  1971). 

Our  need  to  understand  these  patterns  and  their  time  behavior  has  increased  greatly  as  a 
consequence  of  the  mounting  concern  with  marine  environmental  management.  In  the  New 
York  Bight,  our  study  area>  the  problem  is  the  simultaneous  use  of  the  sea  floor  for  food 
resources  (finfish  and  shellfish),  recreational  pursuits,  and  for  waste  disposal.  Sewage  sludge, 
dredge  spoil,  acid  wastes  and  cellar  dirt  are  all  dumped  in  the  New  York  Bight  apex  within 
40  km  radius  of  New  York  Harbor  mouth  (Figure  i). 

We  have  undertaken  to  determine  the  physical  character  of  the  surficial  sediments  in  the 
New  York  Bight  apex  as  part  of  the  Marine  Ecosystems  Analysis  (MESA)  Program  of  the 
National  Oceanic  and  Atmospheric  Administration.  We  are  concerned  with  the  pattern  of 
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sediment  distribution  from  two  points  of  view.  The  natural  pattern  must  be  resolved  because 
it  is  a  major  control  of  the  distribution  of  benthic  fauna.  For  the  sake  of  ongoing  ecological 
studies  it  is  necessary  to  determine  the  time  and  space  scale  of  sediment  distribution,  and  the 
degree  to  which  these  patterns  are  systematic  or  random.  Secondly,  it  is  necessary  to  dis- 
tinguish between  natural  aspects  of  the  sediment  distribution  pattern  and  changes  that  have 
been  wrought  in  the  pattern  by  ocean  dumping. 


Figure  i.  Bathymetric  map  of  the  New  York  Bight,  showing  location  of  Bight 
Apex.  Depth  in  metres.  After  Uchupi,  1970. 
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Figure  2.  Bathymetric  map  of  the  New  York  Bight  Apex,  showing  sampling  transect 
and  sampUng  stations.  From  unpublished  data  of  G.  Freeland.  Depth  in  metres. 


Methods 

Field  methods 
Samples  were  taken  along  two  transects  in  the  New  York  Bight  apex  on  a  quarterly  schedule 
for  a  year  and  a  half  (Figure  2).  Precision  navigation  was  achieved  by  use  of  Raydist,  which 
afforded  accuracy  to  within  ism.  Confidence  in  the  accuracy  was  substantiated  when  a  sun- 
ken vessel,  located  by  sidescan  sonar,  plotted  in  the  same  position  on  the  respective  cruises. 
For  the  six  cruises,  five  different  research  vessels  were  used.  Consequently,  accurate 
positioning  required  compensating  for  the  size  of  the  different  ships  and  the  winch  positions 
on  the  vessel  during  sampling  of  finer-grained  material.  By  comparing  the  complete  sidescan 
sonar  records  and  using  grain  size  values  plotted  at  respective  points  on  these  records  for 
calibration  with  returned  intensity,  an  estimate  of  grain  size  over  the  complete  transect  is 
possible.  In  many  respects  the  sidescan  is  preferred  over  the  grab  samples  since  a  continuous 
record  is  possible.  This  is  especially  important  in  the  New  York  Bight  where  pronounced 
local  variability  exists  as  evidenced  by  Figure  3. 
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The  EG&G  sidescan  unit  was  towed  approximately  9  m  above  the  bottom  at  speeds  of 
3-4  knots.  Each  channel  recorded  a  strip  of  the  bottom  75  m  wide.  A  time  maik,  which  was 
subsequently  correlated  to  a  position,  was  annotated  on  the  record  every  five  minutes. 

Laboratory  methods 
Grab  sample  aliquots  were  processed  for  grain  size  distribution  in  accordance  with  standard 
sedimentological  laboratory  procedures.  The  sand  fraction  (-i-o  (p>  x  >^-o(p)  was 
analyzed  by  a  rapid  sediment  analyzer  (RSA)  which  measures  the  fall  velocity  of  the  sand 
through  132  cm  of  water.  An  assumption  was  made  that  the  material  was  of  uniform  density, 
that  of  quartz  (2-65).  The  fine  fraction  (<4-o  cp)  was  examined  with  a  Coulter  counter  which 
operates  on  the  principle  of  varying  voltage  pulses  across  an  aperture  opening.  Data  from 
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Figure  3.  Surficial  sediment  distribution  in  the  New  York  Bight  Apex,  based  on 
macroscopic,  ship-borne  observation  of  samples.  From  unpublished  data  of  A.  Cok 
and  G.  Freeland.  Depths  in  fathoms. 
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both  the  RSA  and  Coulter  counter  were  used  to  compute  mean  grain  size,  standard  deviation, 
skewness,  and  kurtosis,  by  using  moment  parameters. 

Geological  setting 

The  surface  of  the  New  York  Bight  apex  was  shaped  by  the  succession  of  fluvial,  estuarine, 
and  nearshore  marine  regimes  during  later  Quaternary  time.  During  the  last  glacial  maximum 
(around  15  000  BP,  Milliman  &  Emery,  1968)  the  ice  margin  trended  along  the  crest  of  Long 
Island,  and  westward,  across  New  Jersey,  and  the  Bight  apex  constituted  an  outwash  plain. 
Sea  level  was  at  least  125  m  lower  than  at  present,  and  the  shoreline  lay  seaward  of  the  shelf 
break,  over  170  km  southeast  of  the  study  area.  At  this  time,  the  Hudson  River  discharged 
through  the  Hudson  Shelf  Valley,  into  the  Hudson  Canyon.  At  some  time  during  the 
subsequent  period  of  glacial  retreat  and  sea  level  rise,  the  Hudson  River  may  have  received 
the  entire  drainage  of  the  Great  Lakes  area  and  the  anomalously  great  relief  of  the  shelf 
valley  may  be  due  to  scour  during  this  period  (Veatch  &  Smith,  1939). 


948 


6o2  W.  L.  Stubblefield,  R.  W.  Pervienter  &  D.  jf.  P.  Sivift 


During  the  period  of  post-glacial  sea  level  rise,  the  floor  of  the  Bight  apex  was  modified  by 
two  processes.  The  erosional  retreat  of  the  Long  Island  and  New  Jersey  shorefaces  beveled 
the  surface  of  the  glacial  outwash  plain,  and  much  of  the  resulting  debris  was  left  as  a  dis- 
continuous sheet  of  relatively  clean,  well-sorted,  coarse  sand  0-8  m  in  thickness  (Swift  et  ah, 
1972).  The  sand  sheet  grades  downwards  into  a  thin  basal  unit  of  coarse  sand,  gravel,  and 
shell  hash  which  is  exposed  at  the  surface  where  the  sheet  is  thinnest. 

As  the  shoreface  retreated  landwards,  some  of  the  eroded  material  was  transported  by 
wave-driven  littoral  currents  toward  the  Ancestral  Hudson  Estuary  from  both  sides.  As  a 
result,  the  subaerial  river  valley  was  partly  filled.  On  the  northeast  side  of  the  retreating 
estuary,  the  intense  discharge  of  the  ancestral  Long  Island  littoral  drift  system  was  deposited 
as  a  series  of  tide-molded  sand  shoals  on  the  shelf  valley's  northeast  flank.  As  a  consequence 
the  north  rim  of  the  shelf  valley  is  presently  a  poorly  defined  levee-like  feature  (Cholera 
Bank)  that  tends  to  rise  above  the  level  of  the  adjacent  shelf. 

As  the  shoreline  approached  its  present  position,  the  rate  of  sea  level  rise  decreased  from 
16  mm  year~^  to  o-8  mm  year  ~^  (Emery  &  Uchupi,  1972,  pp.  242-244).  The  mouth  of  New 
York  Harbor  became  largely  filled  by  the  littoral  drift  of  the  adjacent  coastal  compartment. 
The  amphitheater-like  head  of  the  piesent  shelf  valley,  the  Christiaensen  Basin,  may  have 
been  formed  at  this  time  by  strong,  topographically-controlled  shelf  currents  that  develop  in 
the  shelf  valley  in  response  to  storms  (Charnell  &  Mayer,  1975). 

Surficial  sediment 

Spatial  distribution 
Sediments  along  the  sampling  transects  consist  of  two  main  depth-controlled  provinces;  a 
fine  muddy  sand  and  mud  province  at  depths  greater  than  24  fathoms,  and  a  sand  province  at 
depths  shoaler  than  this  (Figures  3,  4  and  5). 

The  fine  muddy  sand — mud  province  occurs  in  the  Hudson  Shelf  Valley,  in  the  Christiaen- 
sen Basin,  and  in  the  tributary  channel  that  extends  northeastward  toward  the  harbor  mouth 
(Figures  3,  4  and  5).  True  muds  (50%>4  (p)  occur  only  in  the  tributary  channel  and  on  the 
western  side  of  the  Christiaensen  Basin,  on  either  side  of  the  dredge  spoil  dumpsite;  the 
ridge  on  which  the  dumpsite  occurs  is  surfaced  by  relatively  mud-free  and  coarse  sands 
(Figures  3  and  4).  The  Christiaensen  Basin  is  floored  by  fine  (2-3  (p)  muddy  (10-40%  silt  and 
clay)  sands,  which  become  coarser  and  less  muddy  in  the  direction  of  shoaling  (Figure  6  and 
Plate  I). 

Two  major  sand  provinces  are  apparent  on  the  east-west  transect;  the  New  Jersey  Plat- 
form and  Cholera  Bank.  Both  are  floored  by  medium-grained  sand  (1-2  (p).  However,  the 
character  of  the  bottom  is  quite  different  in  the  two  areas.  On  the  New  Jersey  Platform, 
sidescan  sonar  records  reveal  a  north-  to  northwest-trending  banded  pattern  of  lighter  and 
darker  tones,  representing  finer  and  coarser  sand  (Plate  II).  The  bands  are  generally  10-30  m 
apart.  On  Cholera  Bank,  however,  sidescan  sonar  records  reveal  a  uniform  bottom  (Plate  III). 
A  banded  pattern  appears  again  on  the  north-south  transect  very  near  the  Long  Island 
Shore.  These  grain-size  variations  associated  with  these  banded  patterns  are  reflected  in  the 
median  diameter  profiles  of  Figures  4  and  5.  Direct  evidence  of  dumping  occurs  on  the  west 
side  of  the  ridge  on  which  the  dredge  spoil  dumpsite  occurs.  Here  sidescan  sonar  reveals  a 
patchy  pattern  of  dark  areas  with  a  rubbly  texture,  surrounded  by  a  lighter  toned  substrate 
(Plate  IV).  Bottom  photographs  reveal  deposits  of  rubble  (Plate  V),  frequently  of  artificial 
origin  (brick,  concrete,  etc.).  Freeland  &  Merrill  (in  press)  report  that  the  adjacent  dredge 
spoil  dumpsite  has  shoaled  over  10  m  in  the  last  37  years. 
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Plate  II.  Sidescan  sonar  record  and  grab  sample  data  from  the  banded  sand 
province  on  the  New  Jersey  platform.  Positioning  of  grab  samples  relative  to  side- 
scan  record  is  i7  m.  P>om  unpublished  data  of  R.  Permenter.  See  Figure  6  for 
location. 
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Phite  V.  Representative  bottom  photographs  from  the  New  York  Bight  Apex,  (a), 
rippled  bottom  of  median  sand  from  Cholera  Bank,  (b),  Contact  between  two 
contrasting  sediment  bands  on  New  Jersey  Platform,  (c),  Rubble  on  western  margin 
of  Christiaensen  Basin,  (d),  '  Fliitf '  of  finely  comminuted  organic  matter  on  eastern 
inart^in  of  Christiaensen  Basin.  See  Figure  6  for  locations. 
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Plate  \'I.  Repented  ohsei\iitions  of  a  broad  coarse  band  on  the  north  western 
margin  of  the  Christiaensen  Rasin.  Points  A  through  I  are  common  in  each  record. 
The  shape  of  the  band  is  constant  throughout  the  obserxation  period.  The  diffused 
nature  of  the  January,  1973  record  is  due  to  the  greater  height  of  the  transducer  off 
the  bottom  during  recording. 
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Plate  \'1I.  Sidescan  sonar  record  otsea  Hoor  at  point  of  tnaxmuim  aeeunuilation  of 
dredge  spoil  material.  Points  A  through  G  are  common  in  each  record.  Point  .A.  is  a 
sunken  \essel  which  was  used  as  a  reference  point.  Lighter  areas  are  fine  muddy- 
sand,  darker  areas  are  medium  sand. 
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Plate  VIII.  Sidescan  sonar  record  on  the  north-western  margin  of  the  Christiaen- 
sen  Basin.  Dark  bands  are  coarser  sand;  light  intervening  zones  are  finer  sand. 
Pattern  extends  to  south  with  time.  Curved  pattern  for  January  1975  is  due  to  ships 
maneuvering,  not  to  change  in  shape  of  features. 
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Grab  sampling  in  the  vicinity  of  the  sewage  sludge  dumpsite  reveals  only  clean  sand. 
Bottom  photographs  taken  in  the  adjacent  Christiaensen  Basin  [Plate  V  (d)]  reveal  in  some 
areas  a  'fluff'  of  comminuted  organic  material  resting  on  the  bottom.  Such  a  'fluff'  would 
escape  the  grab  sampler.  The  material  may  consist  of  the  coarser  portion  of  sewage  sludge. 
However,  such  dark  organic  fluffs  may  occur  naturally  on  quiet  bottoms,  > 

Temporal  distribution 
Repeated  grab  sampling  and  sidescan  sonar  examination  of  the  two  transects  reveals  a  remark- 
able degree  of  bottom  stability.  In  general,  it  appears  that  the  bottom  is  in  a  state  of  textural 
equilibrium  with  the  hydraulic  climate.  The  envelopes  of  grain  size  transects  in  Figures  4  and 
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Figure  6.  Location  map  for  figures  presented  in  this  paper. 


5  show  no  systematic  seasonal  variation,  and  their  spread  appears  to  be  due  primarily  to  small 
positioning  areas.  The  banded  bottoms  revealed  by  sidescan  sonar  are  in  general  quite  stable. 
A  broad  band  of  coarse  sand  or  sandy  gravel  near  the  Long  Island  shore  underwent  no  visible 
change  during  the  year  of  observation  (Plate  VI;  Figure  5,  8-5  km). 

Other  areas  have  undergone  minor  change.  We  have  particularly  good  control  of  bottom 
changes  in  the  patchy  texture  east  of  the  dredge  spoil  dumpsite  because  the  transect  passes 
over  a  wreck  which  appears  in  successive  sidescan  records.  Changes  in  the  shape  of  bottom 
sediment  patches  were  observed  in  the  year  of  observation  (Plate  VII).  At  the  very  northern 
end  of  the  north-south  transect  a  series  of  light  and  dark  bands  increased  in  number  (Plate 
VIII). 

W.  Harris  of  Brooklyn  College  has  independently  sampled  nearshore  portions  of  the  north- 
south  transect  during  1974  and  1975  (personal  communication).  He  reports  the  presence  of 
mud  patches  up  to  500  m  wide  at  two  localities,  which  appear  to  correspond  with  the  gravel 
band  of  Plate  VI  and  the  narrower  bands  of  Plate  VIII.  In  these  areas,  mud  and  gravel 
were  sampled  in  close  proximity  in  topographic  lows.  When  resampled  at  intervals  on  the 
order  of  a  year,  most  of  localities  that  had  yielded  mud  samples  were  found  to  be  mud 
free.  In  Figure  5,  our  January  1975  cruise  appears  to  have  sampled  muddy  gravel  at  3-4  km 
from  the  shore,  corresponding  with  the  locality  presented  in  Plate  VIII. 
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Discussion 

The  New  York  Bight  apex  is  characterized  by  a  large-scale,  depth-controlled  pattern  of 
sediment  distribution,  whereby  the  Hudson  Shelf  Valley  and  its  extensions  are  occupied  by 
mud  and  fine  muddy  sand,  and  the  plateau-like  areas  on  either  side  are  veneered  with  sand. 
McCave  (1972)  has  pointed  out  that  the  distribution  of  fine  sediments  on  the  wave- 
agitated  continental  shelf  is  controlled  by  the  balance  between  the  near  bottom  hydraulic 
climate  on  one  hand,  and  the  near  bottom  concentration  of  suspended  sediment  on  the  other. 
If  bottom  wave  agitation  is  intense,  then  the  suspended  sediment  concentration  must  be 
quite  high  if  muddy  bottom  deposits  are  to  form.  Drake  (1974)  has  reported  near-bottom 
suspended  sediment  concentrations  in  the  Bight  apex  on  the  order  of  4  mg  1  ~^.  Under  these 
conditions,  it  seems  that  only  the  areas  deeper  than  24  m  have  a  regime  of  bottom  wave  surge 
that  is  sufficiently  damped  to  allow  fine  sediments  to  accumulate.  In  the  Bight  apex,  only  the 
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Sand  wave 
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°  rmTT/ 
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Figure  7.  Schematic  stratigraphy  in  areas  of  banded  bottom. 

Hudson  Shelf  Valley  and  its  extensions  exceed  this  critical  depth.  Further  seaward,  this 
isobath  is  again  encountered  on  the  central  shelf,  but  here  the  near  bottom  suspended 
sediment  concentration  is  much  lower,  and  mud  deposits  do  not  form. 

The  banded  sand  bottoms  on  the  New  Jersey  platform,  and  on  the  Long  Island  south 
shore  appear  to  be  the  result  of  two  circumstances ;  water  movements  during  storms  that  are 
sufficiently  intense  to  transport  sand  (Lavelle  et  ah,  in  press)  and  a  sand  cover  so  thin  that 
short  term  erosion  during  storms  is  sufficient  to  bare  the  coarse  lag  veneer  that  separates  the 
surficial  sand  sheet  from  the  older  strata  underneath  (Figure  7). 

The  banded  bottoms  are  best  understood  as  bedform  sequences,  where  secondary  flow 
components  in  the  bottom  boundary  layer  have  swept  sand  in  a  layer  a  few  decimeters  thick 
in  flow-parallel  or  flow-transverse  ribbons  of  negligible  relief,  separated  by  zones  in  which 
the  underlying  lag  pavement  of  coarse  sand,  or  pebbly  or  shelly  sand  is  exposed  (Allen,  1968, 
pp.  37-38).  The  absence  of  such  features  on  Cholera  Bank  is  more  probably  due  to  the 
greater  thickness  of  the  sand  bed  rather  than  to  a  lack  of  strong  currents.  If  the  coarse  sub- 
strate is  not  exposed  between  sand  ribbons  and  patches,  then  the  acoustic  contrast  is  not 
sufficient  to  reveal  the  presence  of  such  bedforms  on  sidescan  sonar  records. 

The  significance  of  the  banded  patterns  is  not  easy  to  interpret  without  fairly  detailed 
information  on  the  hydraulic  climate.  The  banding  on  the  New  Jersey  platform  is  generally 
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parallel  to  the  New  Jersey  shore.  Since  nearshore  flows  must  generally  parallel  the  coast  in 
order  to  satisfy  continuity  requirements,  the  banding  in  this  area  may  be  flow-parallel, 
formed  in  response  to  divergences  and  convergences  in  the  bottom  boundary  layer. 

The  continuity  requirement  for  coastal  flows  suggests  that  the  banded  bottom  on  the  north 
end  of  the  north-south  transect  is  comprised  of  low  amplitude,  flow-transverse  sand  waves, 
rather  than  of  flow-parallel  current  lineations,  since  the  features  are  within  8°  of  a  right  angle 
relationship  with  the  shoreline.  If  so,  the  features  may  be  responses  to  west-trending  coastal 
currents  generated  by  intense  northeast  storms,  such  as  the  30  November-3  December  flow 
event  reported  by  Lavelle  et  al.  (in  press)  from  the  Long  Island  coast.  This  flow  had  a  near- 
bottom  offshore  component,  so  that  flow-transverse  bedforms  would  be  skewed  some  few 
degrees  from  a  coast-normal  orientation. 

The  intermittent  presence  of  mud  deposits  associated  with  coarse  bands  on  the  north- 
south  transect  has  been  reported  from  other  localities  on  the  Middle  Atlantic  Bight.  Gravel- 
floored  topographic  lows  appear  to  be  maintained  by  intense  bottom  scour  during  storms, 
but  may  accumulate  up  to  a  decimeter  of  mud  during  the  quiet  summer  months,  particularly 
in  nearshore  areas.  The  mud  may  be  scoured  out  during  the  following  period  of  winter 
storms,  or  may  survive  into  the  next  summer  (Swift  et  al.,  1971;  Stubblefield  et  al.,  1974). 

The  impact  of  dumping  is  most  clearly  seen  on  the  east-west  transect  in  the  vicinity  of  the 
dredge  spoil  dumpsite;  the  adjacent  portion  of  the  Christiaensen  Basin  east  of  the  dumpsite, 
and  the  tributary  valley  to  the  west  contain  anomalously  fine  sediments.  Per  cent  analysis 
of  current  meter  records  indicates  that  during  periods  of  strong  west  winds,  the  Hudson  Shelf 
Valley  experiences  a  strong  up-channel  bottom  flow  (Gadd  et  al.,  in  press).  These  flows  may 
be  part  of  a  clockwise  gyral  circulation  pattern  repeatedly  observed  in  the  Bight  apex 
(Charnell  &  Mayer,  1975).  These  currents  occasionally  exceed  50  cm  s~^,  and  are  competent 
to  carry  the  finer  fraction  of  the  dredge  spoil  to  the  north.  It  is  presumably  such  currents 
that  have  caused  the  more  mobile  dredge  spoil  to  drift  into  the  lows  of  the  irregular  surface 
of  dumped  rubble  seen  in  Plate  IV. 

Neither  the  north-south  nor  the  east-west  transects  reveal  any  permanent  effects  of  sewage 
sludge  dumping  on  the  flank  of  Cholera  Bank,  where  fine  sand  bottoms  occur.  Apparently, 
the  sewage  sludge  is  so  mobile  that  it  is  widely  diffused  through  the  Bight  apex.  It  seems 
reasonable  to  suppose  that  the  fine  muddy  sands  of  the  Christiaensen  Basin  may  be  contamin- 
ated with  sewage  sludge,  but  resolution  of  such  contamination  is  beyond  the  primarily 
physical  observations  undertaken  during  the  course  of  this  study. 
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lov.  2-6,  64  geological  oceanog- 
raphers,  physical  oceanographers,  and 
geologists  attended  a  workshop  on 
shelf-sediment  dynamics  at  Vail, 
Colo.,  sponsored  by  N'SF's  Interna- 
tional Decade  of  Ocean  Exploration. 
Sponsoring  federal  agencies  included 
NOAA,  the  U.S.  Geological  Survey, 
and  ERDA.  The  workshop,  convened 
by  Donn  Corsline  of  the  University  of 
Southern  California  and  Don  Swift  of 
NOAA,  surveyed  the  present  state  of 
shelf  research  and  laid  plans  for  future 
progress. 

The  first  day  was  devoted  to  a  review 
of  ongoing  research.  In  a  preliminary 
session  on  boundaries  on  the  shelf 
system,  Douglas  Inman  (Scripps  Insti- 
tution of  Oceanography)  described 
both  applied  and  basic  aspects  of 
beach  and  nearshore  sedimentation 
Donn  Corsline  presented  his  group's 
studies  of  modern  and  ancient  can- 
yons and  fans. 

A  second  session  dealt  with  studies 
of   fluid    motion    and    sediment    en- 


trainment.  Gabriel  Csanadv  (Woods 
Hole  Oceanographic  Institution)  out- 
lines the  approach  of  physical  ocean- 
ographers to  problems  of  shelf  circu- 
lation. Many  of  his  examples  were 
drawn  from  his  work  in  the  Great 
Lakes,  from  the  preliminary  results  of 
the  Coastal  Boundary  Layer  Transect 
project  on  the  Long  Island  inner 
shelf,  and  from  the  Shelf  Edge  Ex- 
change Processes  project.  Paul  Komar 
(Oregon  State  University)  presented 
recent  advances  in  the  understanding 
of  sediment  entrainment  by  wave 
action,  including  his  recent  studies 
with  Martin  Miller  (Oregon  State  Uni- 
versity). 

John  Southard  (Massachusetts  Insti- 
tute of  Technology)  talked  about 
bedforms  and  flow  regimes.  Some  of 
his  material  was  extracted  from  his 
own  flume  research,  but  he  also  sum- 
marized recent  studies  of  marine  bed- 
forms  of  greater  scale  than  can  be 
produced  in  the  laboratory,  and  re- 
marked on  the  apparent  genetic  dis- 
tinction   between    'megaripples'    and 


the  larger  'sand  waves'.  J  D.  Smith 
(University  of  Washington)  described 
a  new  analytical  model  for  boundary 
flow  and  bedload  sediment  transport, 
and  David  Drake  (U.S.  Geological 
Survey)  discussed  the  transport  of 
suspended  fine  sediment  across  the 
continental  shelf. 

A  final  session  presented  studies  of 
regional  patterns  of  shelf  sedimenta- 
tion. I.N.  McCave  (University  of  East 
Anglia)  summarized  recent  studies  of 
the  'tide-swept'  shelves  around  Great 
Britain.  George  Allen  of  CNEXO 
(Centre  Nationale  pour  L'Exploitation 
des  Oceans,  France)  described  work 
that  he  and  his  colleagues  had  ac- 
complished on  the  Aquitaine  Shelf 
and  in  the  Cironde  Estuary.  Don  Swift 
of  NOAA  reviewed  earlier  studies  in 
the  Middle  Atlantic  Bight.  He  also 
described  recent  attempts  by  ].C. 
Ludwick  (Old  Dominion  University) 
to  estimate  sediment  transport  quan- 
titatively at  the  mouth  of  the  Chesa- 
peake Bay,  and  similar  work  by  j.W. 
Lavelle  (NOAA)  on  the  Long  Island 
inner  shelf.  Finally,  L.D.  Kulm  (Ore- 
gon State  Universitv)  described  work 
that  he  and  his  colleagues  have  car- 
ried out  on  the  Northwest  Pacific 
shelf. 

The  second  day  was  devoted  to  a  re- 
view of  the  programs  of  U.S.  Federal 
agencies  in  shelf-sediment  transport. 
R.  Roland  described  the  Office  of 
Marine  Geology,  U.S.  Geological  Sur- 
vey, which   has   98   professionals   di- 
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vided  between  the  Pacific-Arctic 
Branch  based  in  Menio  Park,  Calif., 
(63  professionals)  and  the  Atlantic 
Branch  based  in  Woods  Hole,  Mass., 
and  Corpus  Christi,  Tex.  (35).  Most  of 
the  work  comes  under  the  heading 
of  resource  assessment,  and  much  of 
it  is  paid  for  by  another  Interior 
agency,  the  Bureau  of  Land  Manage- 
ment, which  is  responsible  for  de- 
termining the  potential  impact  of  ex- 
ploitation of  the  continental  margin 
for  oil  and  gas. 

R.  Beauchamp  of  the  Bureau  of 
Land  Management  gave  a  more  de- 
tailed explanation  of  BLM's  activi- 
ties. BLM,  with  no  field  capability  of 
its  own,  has  been  given  $50  million 
to  make  its  environmental-impact 
studies.  The  money  is  divided  equally 
between  Alaska,  where  it  is  admin- 
istered by  NOAA,  and  the  lower  48 
states.  NOAA-administered  studies  in 
Alaska  are  made  by  NOAA,  USCS, 
and  academic  scientists.  Studies  in 
the  southern  California  coast  are 
made  by  a  consortium  of  universities. 
Studies  in  the  Northwest  Gulf  of 
Mexico  are  made  in  part  by  the  Sur- 
vey's Office  of  Marine  Geology  at 
Corpus  Christi.  Studies  on  the  At- 
lantic Shelf  (Georges  Bank,  Baltimore 
Canyon  trough  area,  Georgia  Bight) 
are  made  by  universities  (University 
of  Miami,  University  of  Georgia  in 
the  Georgia  Bight),  the  USGS,  private 
companies  (ERCO  and  EG&G  on 
Georges  Bank),  and  state  institutions 
(Skidaway  Institute  of  Oceanography, 
Georgia  Bight;  Virginia  Institute  of 
Marine  Science,  Baltimore  Canyon 
trough  area). 

NOAA  presented  its  program  in  2 
parts.  David  Duane  described  the  Sea 
Grant  program,  now  a  part  of  NOAA: 
Sea  Grant's  role  in  the  shelf  has  been 
limited,  but  the  number  of  proposals 
received  is  increasing  as  a  result  of 
increasing  federal,  state,  local  gov- 
ernment and  industrial  interest  in  the 
shelf.  For  this  reason,  and  because 
new  legislation  permits  Sea  Grant  to 
fund  ship  activities.  Sea  Grant's  role 
will  probably  increase.  George  Peter 
described  the  programs  administered 
by  NOAA's  Environmental  Research 
Laboratories.  They  include  the  Outer 
Continental  Shelf  Environmental  As- 
sessment Program,  in  which  NOAA 
administers  BLM  flow-through  money 
in  an  Alaskan-shelf  program.  The  pro- 
gram's field  personnel  are  NOAA* 
USGS,  and  university  scientists. 

A   second   major   NOAA   program    is 

Marine  Ecosystems  Analysis,  whose 
goal  is  to  assess  human  impact  on 
some  of  our  most  heavily  stressed 
marine  areas.  The  oldest  ongoing 
MESA  field  study  is  the  New  York 
Bight  Project,  which  started  in  1973. 
Its  prftnary  concern  is  the  impact  of 


sewage  sludge,  dredge  spoil,  cellar 
dirt,  and  industrial  waste  disposal  on 
the  inner  shelf  off  New  York  City. 
The  study  is  being  made  by  federal 
laboratories,  such  as  Atlantic  Ocean- 
ographic  &  Meteorological  Labora- 
tories, Miami,  and  the  National 
Marine  Fisheries  Service  Laboratory 
at  Sandy  Hook,  N.J.,  and  by  univer- 
sities under  contract.  A  similar  MESA 
project  is  starting  in  Puget  Sound, 
staffed  by  the  Pacific  Marine  En- 
vironmental Laboratory  and  by  uni- 
versities under  contract.  Other  MESA 
projects  include  the  Deep  Water 
Ocean  Mining  Experimental  Study 
and  research  into  the  effect  of  ocean 
dumping  on  the  marine  environment. 

William  Forster  of  ERDA's  Environ- 
mental Programs  Office  described  its 
support  for  shelf-dynamics  research. 
ERDA  is  interested  in  the  impact  of 
all  energy-related  activities  on  human 
use  of  the  continental  shelf.  ERDA's 
policy  is  to  stress  intermediate  and 
long-term  research  ('basic'  research) 
rather  than  studies  that  seek  short- 
term  solutions  ('applied'  research).  In 
this  respect,  its  fund-granting  policy 
is  more  nearly  like  that  of  NSF  than 
are  the  policies  of  'mission-oriented' 
agencies. 

Workshop  sessions  began  on  the 
third  day.  Their  purpose  was  1,  to 
inventory  existing  facilities  for  shelf- 
dynamics  research,  2,  to  define  re- 
search directions,  and  3,  to  make 
recommendations  for  stimulating  and 
coordinating  research  in  shelf-sedi- 
ment dynamics.  These  topics  were 
identified  as  of  primary  importance: 
1,  Bottom  boundary-layer  flow,  sedi- 
ment entrainment,  and  sediment  bed- 
load  transport;  2,  Mechanics  of 
suspended-sediment  transport;  3,  The 
shelf  flow  fields  generated  by  winds, 
tides,  and  density  differences;  4,  Flow 
at  the  coastal  and  shelf-edge  bounda- 
ries; 5,  The  role  of  bedforms  in  sedi- 
ment transport;  6,  The  role  of  orga- 
nisms in  sediment  transport  and 
accumulation;  7,  Techniques  for  de- 
veloping accurate  mass  budgets  for 
various  shelf  systems;  8,  Engineering 
properties  of  the  shelf  substrate:  9, 
The  role  of  large-scale  topographic 
features  such  as  estuary  mouths,  shelf 
valleys,  submarine  canyons,  and  shoal 
areas  in  modifying  regional  patterns 
of  fluid  motion  and  sediment  trans- 
port. 

Recommendations  for  stimulating  re- 
search included  the  formation  of  an 
informal  society  and  the  formation 
of  a  research  steering  committee.  The 
society  is  SANDS  (Shelf  &  Nearshore 
Dynamics  &  Sedimentation).  It  is 
open  to  anyone  who  submits  his 
name  to  the  secretary,  O.S.  Madsen, 
Department  of  Civil  Engineering, 
M.I.T.  and  $1   for  a  subscription  to  a 


newsletter.  The  society  will  meet  in 
odd-numbered  years  with  the  Ameri- 
can Geophysical  Union  in  Washing- 
ton, D.C.,  and  in  even-numbered 
years  with  AGU  in  San  Francisco. 
This  year's  spring  meeting  in  Wash- 
ington will  piggyback  on  a  session 
already  initiated  by  R.  Young  of  the 
Atlantic  Oceanographic  &  Meteoro- 
logical Laboratories.  SANDS  mem- 
bers are  invited  to  listen  to  keynote 
speakers,  present  a  poster  at  a  poster 
session,  and  take  part  in  a  business 
meeting  during  which  the  San  Fran- 
cisco meeting  will  be  planned.  They 
should  submit  poster  abstracts  to 
AGU  in  the  normal  fashion,  but 
specify  that  the  poster  be  part  of  the 
SANDS  session. 

14  members  have  been  nominated 
to  a  steering  committee  for  research 
in  shelf  sedimentation,  with  Don 
Swift  of  the  Atlantic  Oceanographic 
&  Meteorological  Laboratories  as  act- 
ing chairman. 

One  of  the  most  stimulating  as- 
pects of  the  workshop  was  the  even- 
ing poster  sessions  in  which  attendees 
exchanged  notes  about  recent  re- 
search activities.  These  sessions  indi- 
cated that  the  number  of  people 
studying  shelf-sediment  dynamics  has 
increased  manyfold  since  the  GSA 
workshop  on  shelf-sediment  trans- 
port, in  1971. 

The  level  of  technical  sophistica- 
tion has  also  increased.  One  of  the 
notable  presentations  at  the  1971 
symposium  was  R.  Sternberg's  analysis 
of  data  obtained  by  his  tripod-mount- 
ed boundary-layer  measurement  sys- 
tem. If  there  was  a  theme  in  the 
evening  poster  session,  it  vvas  'son 
of  tripod';  Drake  and  Cacchione, 
(USGS,  Menlo  Park),  Butman  and 
Beardsley,  (USCS,  Woods  Hole),  and 
La\elle,  Swift,  Young,  and  Freeland 
(NOAA,  Miami),  and  Lesht  (Univer- 
sity of  Chicago)  all  described  data 
from  shelf  boundary-layer  monitoring 
systems. 

The  level  of  conceptual  sophisti- 
cation has  likewise  increased.  In  the 
1971  Geological  Society  of  America 
symposium  only  ).D.  Smith  seemed 
to  be  fully  using  both  geological  and 
hydrodynamical  concepts.  At  the  Vail 
poster  sessions,  physical  ocean- 
ographers  as  well  as  geologists  made 
presentations,  and  each  group  seems 
reasonably  fluent  in  the  other's  lan- 
guage. In  the  words  of  one  of  the 
attendees  of  the  Vail  workshop,  the 
meeting  took  a  major  step  in  over- 
coming the  centripetal  forces  that 
have  long  afflicted  marine  scientists 
studying  water-substrate  interaction. 
Donald  J.P.  Swift 
Marine  Geology  &  Ceophysics 

Laboratory 
15  Rickeribacker  Causeway 
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Morphologic  evolution  and  coastal  sand  transport,  New  York— New  Jersey 
shelf^ 

Donald  J.  P.  Swift,  George  L.  Freeland,  Peter  E.  Gadd,  Gregory  Han, 
J.  William  Lavelle,  and  William  L.  Stubblefield 

Atlantic  Oceanographic  and  Meteorological  Laboratories,  NOAA,  Virginia  Key,  Miami,  Florida 

Abstract 

The  surface  of  the  New  York-New  Jersey  shelf  has  been  extensively  modified  by  land- 
ward passage  of  nearshore  sedimentary  environments  during  the  postglacial  rise  of  sea  level. 
Ihe  retreat  of  estuary  mouths  across  the  shelf  surface  has  resulted  in  shelf  valley  complexes. 
Constituent  elements  include  shelf  valleys  largely  molded  by  estuary  mouth  scour,  shoal 
retreat  massifs  left  by  the  retreat  of  estuary  mouth  shoals,  and  midshelf  or  shelf-edge  deltas. 

The  erosional  retreat  of  the  straight  coast  between  estuary  mouths  has  left  a  discontinuous 
sheet  of  clean  sand  0-10  m  thick.  During  the  retreat  process,  a  Sequence  of  oblique-trending, 
shoreface-connected  sand  ridges  formed  at  the  foot  of  the  shoreface.  As  a  consequence,  the 
surficial  sand  sheet  of  the  shelf  floor  bears  a  ridge  and  swale  topography  of  sand  ridges  up 
to  10  m  high  and  2-4  m  apart. 

The  mechanics  of  sedimentation  in  these  two  nearshore  environments  ( estuary  mouth 
and  interestuarine  coast)  are  now  being  investigated  for  purposes  of  environmental  man- 
agement as  well  as  for  further  understanding  of  shelf  history.  In  late  fall  and  winter  1974, 
current  meters  were  deployed  on  the  Long  Island  coast  and  a  radioisotope  tracer  dispersal 
pattern  was  traced  over  an  11-week  period.  Eastward  or  westward  pulses  of  water  were 
generated  during  this  period  of  successive  weather  systems.  Flows  in  excess  of  the  computed 
threshold  velocity  of  substrate  materials  were  sustained  for  hours  or  days  and  were  separated 
by  days  and  weeks  of  subthreshold  velocities,  and  the  sand  tracer  pattern  expanded  accord- 
ingly. A  single  intense  westward  flow  transported  more  sand  than  all  the  other  events  com- 
bined. The  storm  was  anomalous  with  respect  to  the  short  term  observation  period,  but  it 
may  in  fact  have  been  representative  of  the  type  of  peak  flow  event  that  shapes  the  inner 
shelf  surface. 

Systematic  observations  of  sedimentation  in  New  York  Harbor  mouth  have  not  yet  been 
initiated.  However,  reconnaissance  data  reveal  a  complex  pattern  of  ebb-  and  flood-domi- 
nated zones  that  control  the  pattern  of  sand  storage. 

We  review  in  this  paper  our  knowledge  New  Jersey  shelf  surface  is  primarily  the 

of  the  surface  of  the  continental  shelf  off  result  of  a  decade  of  work  by  K.  O.  Emery 

New  York  and  New  Jersey  by  considering  and    his    colleagues    at    the    Woods    Hole 

two  distinct  topics:  the  geological  history  of  Oceanographic  Institution.  A  summary  of 

this  surface  and  the  nature  of  sand  transport  this  information   and  much  more  has   re- 

across  it.  Our  knowledge  of  the  New  York-  cently  been  provided  by  Emery  and  Uchupi 

(1972).  As  the  work  of  the  Woods  Hole 


,  ^    ,  .,    ^.        r  u     XT      V    1   n-  1  *  D        ..    f  group  drew  to  a  close,  we  attempted  to  con- 

'  Contribution  of  the  New  York  Bight  Project  of  .  ,     ^.  i        .i  r     i 

the  NOAA  Marine  EcoSystems  Analysis  (MESA)  ^^^^^'^  i"  greater  detail  some  aspects  of  the 

Program.  morphologic  evolution  of  the   Middle  At- 
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lantic  Bight  surface  ( Swift  et  al.  1972,  1974; 
Swift  1973;  Swift  and  Sears  1974;  Stubble- 
field  et  al.  1974).  A  summary  of  this  work 
constitutes  the  first  section  of  this  paper. 

As  participants  in  NOAA's  MESA  (Ma- 
rine EcoSystems  Analysis)  program,  we 
have  been  asked  not  only  to  evaluate  the 
geological  history  of  the  New  York  Bight, 
but  also  to  provide  quantitative  estimates  of 
sediment  transport  that  will  be  of  direct  use 
to  environmental  managers.  It  turns  out  that 
these  two  goals  are  closely  related.  Our  sur- 
veys of  the  shelf  surface  have  led  us  to  in- 
fer that  it  has  been  shaped  by  the  landward 
retreat  of  two  basic  sedimentary  regimes 
during  the  Holocene  transgression:  tide- 
dominated  sedimentation  at  estuary  mouths, 
and  the  sand  transport  pattern  of  the  ad- 
jacent shoreface  and  adjacent  inner  shelf. 
Environmental  engineers  and  managers 
must  deal  with  these  same  regimes. 

To  satisfy  their  needs,  we  have  initiated 
real-time  studies  of  fluid  motion  and  sub- 
strate response.  State-of-the-art  techniques 
for  such  studies  are  inadequate  and  progress 
has  been  slow.  We  report  in  the  second  por- 
tion of  this  paper  fragments  of  our  studies 


of  sand  transport  to  encourage  colleagues 
engaged  in  similar  studies.  Our  own  initial 
experiments  have  raised  more  questions 
than  they  have  answered. 

Evolution  of  the  continental  shelf  surface 

Evolution  of  shelf  valley  complexes — ^The 
New  York  Bight  is  a  pentagonal  sector  of 
the  North  American  Atlantic  shelf,  extend- 
ing 800  km  from  Cape  May,  New  Jersey,  to 
Montauk  Point,  Long  Island.  Off  New  York, 
the  shelf  is  180  km  wide  ( Fig.  1 ) . 

The  sandy  shelf  floor  is  divided  into  com- 
partments by  shelf  valley  complexes  extend- 
ing from  the  shoreline  toward  shelf  edge 
canyons  (Fig.  1).  The  most  obvious  ele- 
ments of  these  complexes  are  the  shelf  val- 
leys themselves  which  may  appear  as  nar- 
row, well  defined  channels  ( Delaware  Shelf 
Valley;  Hudson  Shelf  Valley)  or  as  broad, 
shallow  depressions  which  barely  perturb 
the  isobaths  defining  the  shelf  surface 
( Block  Shelf  Valley,  Long  Island  Shelf  Val- 
ley, North  New  Jersey  Shelf  Valley,  Great 
Egg  Shelf  Valley).  Shelf  valley  complexes 
generally  contain  other  morphologic  ele- 
ments. The  north  rims  of  the  shelf  valleys 
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Fig.   1.     Morphologic  framework  of  the  New  York-New  Jersey  shelf.   (Modified  from  Swift  et  al. 
1972.) 
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tend  to  be  elevated  like  levees  above  the 
adjacent  shelf.  Seaward  ends  of  shelf  valleys 
often  terminate  in  delta  terraces.  Shelf  val- 
ley complexes  tend  to  be  broken  into  seg- 
ments by  coasl-parallel  scarps,  which  may 
have  been  formed  by  temporary  stillstands 
of  the  returning  Holocene  sea. 

The  origin  of  the  shelf  valley  complexes 
is  best  inferred  from  the  configuration  of 
the  Delaware  Shelf  Valley  (Fig.  2),  which 
can  be  traced  without  interruption  into  its 
modern  estuary.  The  Delaware  estuary 
mouth  has  a  sill  of  sand  nourished  by  littoral 
drift  from  the  New  Jersey  coast  ( Swift 
1973).  The  sill  is  stabilized  by  an  inter- 
digitating  system  of  ebb-  and  flood-domi- 
nated channels,  whose  discharge  inequali- 
ties are  a  consequence  of  the  phase  lag  of 
the  tidal  wave  in  its  passage  across  the  sill 
(Swift  and  Ludwick  in  press).  The  Dela- 
ware Shelf  Valley  may  be  traced  directly 
into  the  flood  channel  of  the  main  ebb 
channel-flood  channel  couplet.  Its  leveelike 
north  rim  may  be  traced  directly  into  the 
complex  of  smaller  ebb  channels,  flood 
channels,  and  sand  banks  on  the  north  side 
of  the  estuary  mouth.  This  shoal  area  serves 
as  the  depositional  center  for  the  littoral 
sand  discharge  of  the  New  Jersey  coast. 

The  shelf  valley  complex,  then,  is  not  a 
drowned  river  valley,  but  is  rather  the  track 
left  by  the  retreat  of  the  Delaware  estuary 
mouth  across  the  shelf  during  the  Holocene 
sea-level  rise.  The  shelf  valley  is  the  retreat 
path  of  a  flood  channel.  The  north  flank 
levee  is  the  retreat  path  of  the  estuary 
mouth  shoal  or  is  a  shoal  retieat  massif — 
massif  in  the  sense  of  a  compound  topo- 
graphic high  consisting  of  smaller  scale 
highs  (Swift  1973).  The  surface  channel 
does  not  directly  overlie  the  buried  river- 
cut  channel  but  is  offset  to  the  south  ( Sheri- 
dan et  al.  1974).  As  the  estuary  reheated 
up  the  river  valley,  it  not  only  tended  to  fill 
the  river  valley  but  in  the  final,  estuary- 
mouth  stage  decoupled  from  it  altogether 
by  migrating  to  the  south. 

The  largely  constructional  nature  of  the 
Delaware  Shelf  Valley  complex  is  also  char- 
acteristic of  the  Great  Egg  Shelf  Valley 
complex  (Fig.  1),  although  the  associated 
massif  has  been  heavily  dissected  by  the 


posttransgressional  regime  of  southerly 
storm  flows.  To  the  north,  however,  the 
Hudson  and  Block  Shelf  Valleys  occur  on  a 
terrain  of  innately  greater  relief.  There  are 
cuestalike  highs,  and  the  estuarine  deposits 
only  partly  fill  the  shelf  valleys.  The  deeply 
incised  nature  of  the  Hudson  Shelf  Valley 
may  reflect  the  era  when  it  received  Great 
Lakes  meltwater  ( Veatch  and  Smith  1939 ) . 

Evolution  of  interfluves — Plateaulike  in- 
terfluves  between  the  shelf  valleys  have 
likewise  been  intensively  modified  by  pas- 
sage of  the  shoreline.  Interfluve  surfaces 
range  from  exceedingly  flat  plains  (slopes 
of  1:2,000)  to  irregularly  undulating  sand 
ridge  topography  (Fig.  3).  Sand  ridges  ex- 
hibit up  to  10  m  of  relief,  are  spaced  2  to  4 
km  apart,  and  their  crestlines  may  be  traced 
for  tens  of  kilometers.  Side  slopes  are  gener- 
ally less  than  a  degree.  Crestlines  are  not 
quite  parallel  to  the  regional  trend  of  the 
isobaths  but  tend  to  converge  to  the  south- 
west with  the  shoreline  ( Fig.  1 ) .  Ridges  at- 
tain their  maximum  development  on  the 
northeast  sides  of  shoal  retreat  massifs. 

The  ridges  are  molded  into  a  surficial 
sheet  of  relatively  homogeneous,  well  sorted 
sand,  0-10  m  thick.  In  trough  axes  the  sheet 
thins  to  a  basal  shelly,  gravelly  sand  several 
decimeters  or  less  thick,  and  a  more  hetero- 
geneous older  substrate  is  locally  exposed 
(Donahue  et  al.  1966;  Stubblefield  et  al. 
1974).  This  is  commonly  a  muddy  sand  or 
mud  deposited  behind  the  retieating  Holo- 
cene barrier  system  ( Stahl  et  al.  1974;  Sheri- 
dan et  al.  1974),  but  it  is  locally  absent  due 
to  erosion  or  nondeposition,  so  that  the 
Holocene  sands  rest  directly  on  older  Pleis- 
tocene sands. 

To  understand  the  genesis  of  this  post- 
glacial stratigraphy,  it  is  necessary  to  con- 
sider the  dynamics  of  a  transgressing  shore- 
line. We  are  indebted  in  this  regard  to 
Bruun  (1962)  and  Fischer  (1961)  who  ap- 
pear to  have  independently  appreciated  the 
role  of  the  landward  translation  of  the 
wave-  and  current-maintained  coastal  pro- 
file in  generating  transgressive  stratigraphy. 
In  the  New  York  Bight,  as  along  most  low, 
unconsolidated  coasts,  the  coastal  profile 
consists  of  a  steeply  sloping  nearshore  sec- 
tor ( the  shoref ace )  and  a  gently  dipping  in- 
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Fig.  3.  Simplified  bathymetry  and  distribution  of  grain  sizes  on  a  portion  of  the  central  New  Jersey 
shelf.  Medium  to  fine  sand  occurs  on  ridge  crests.  Fine  to  very  fine  sand  occurs  on  ridge  flanks  and  in 
troughs.  Locally,  erosion  in  troughs  has  exposed  a  thin  lag  of  coarse,  shelly,  pebbly  sand  over  lagoonal 
clay.  (Reprinted  from  Stubblefield  et  al.  1974  by  permission  of  the  Journal  of  Sedimentary  Petrology.) 


ner  shelf  floor.  The  break  in  slope,  which 
may  be  well  defined  or  gently  rounded, 
generally  occurs  at  depths  of  12  to  18  m, 
some  few  kilometers  from  the  shoreline. 

Bruun  (1962)  pointed  out  that  if  this 
profile  is  in  fact  an  equilibrium  response 
of  the  seafloor  to  the  coastal  hydraulic  cli- 
mate, then  a  rise  in  sea  level  must  result  in 
a  landward  and  upward  translation  of  the 
profile  (Fig.  4A).  Such  a  translation  neces- 
sitates erosion  of  the  shoreface.  Much  of 
the  resulting  debris  will  presumably  be 
entrained  in  the  littoral  current  and  move 
downcoast,  but  during  periods  of  onshore 
storm  winds,  the  littoral  drift  may  leak  sea- 


ward, due  to  an  offshore  component  of  bot- 
tom flow,  to  be  deposited  beneath  the  rising 
seaward  limb  of  the  equilibrium  profile  on 
the  adjacent  inner  shelf  floor. 

Evidence  for  such  seaward  bottom  trans- 
port is  varied.  Murray  (1975)  described 
periods  of  offshore  bottom  flow  on  the  gulf 
coast,  when  winds  are  onshore  and  the  wa- 
ter column  is  not  stratified.  Sonu  and  Van 
Beek  (1971)  noted  that  sand  loss  from 
North  Carolina  beaches  correlates  poorly 
with  periods  of  high  waves  but  correlates 
well  with  high  waves  generated  by  onshore 
northeast  winds.  On  the  Long  Island  inner 
shelf,  we  used  sidescan  sonar  to  map  inner 


Fig.  2.  Delaware  Shelf  Valley  complex.  Southward  littoral  drift  along  the  New  Jersey  coast  is  injected 
into  the  reversing  tidal  stream  of  Delaware  Bay  mouth.  The  resulting  sand  shoal  is  stabilized  as  a  system 
of  interdigitating  ebb-  and  flood-dominated  channels.  The  shelf  valley  complex  seaward  of  the  bay  mouth 
was  formed  by  the  retreat  of  the  coastal  sedimentary  regime  through  Holocene  time.  Retreat  of  the  main 
flood  channel  has  excavated  the  Delaware  Shelf  Valley;  retreat  of  the  bay  mouth  shoal  has  left  a  levee- 
like high  on  the  shelf  valley's  north  flank.  ( Reprinted  from  Swift  1973  by  permission  of  the  Geological 
Society  of  America  Bulletin.) 
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PROFILE  TRANSLATION 


WASHOVER  CYCLE 
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Fig.  4.  Models  for  a  coast  undergoing  erosional  shoreface  retreat  during  a  rise  in  sea  level.  A — Rise  in 
sea  level  results  in  landward  and  upward  translation  of  coastal  profile  (Bruun  1962).  B — Translation  is 
accomplished.  Wind  and  storm  washover  transport  on  the  barrier  surface  and  erosion  of  the  shoreface 
and  seaward  transport  of  the  resulting  debris  (Fischer  1961). 


shelf  current  lineations  that  form  an  east- 
ward-opening angle  with  the  beach  (Fig. 
5).  A  poorly  defined  asymmetry  is  appar- 
ent: the  western  sides  of  the  Hneations  are 
gradational,  whereas  the  eastern  sides  are 
sharply  defined.  The  origin  of  this  pattern  is 
not  clear.  The  dark  bands  are  strips  of 
coarse  or  gravelly  sand  that  may  either  be 
troughs  between  low  amplitude,  current- 
transverse  sand  waves  or  troughs  between 
current-parallel  sand  ribbons.  However, 
considering  the  angle  that  the  lineations 
make  with  the  beach,  sand  ribbons  seem 
unlikely  for  reasons  of  flow  continuity.  If 


sand  waves,  the  lineations  are  responses  to 
strong  bottom  flows  trending  westerly  and 
offshore. 

Fischer  (1961),  Stahl  et  al.  (1974),  and 
Sanders  and  Kumar  (1975)  described  the 
stratigraphic  consequences  of  erosional 
shoreface  retreat,  based  on  their  observa- 
tions of  the  New  Jersey  and  New  York 
coasts.  The  barrier  superstructure  will  re- 
treat over  the  lagoonal  deposits  by  a  cyclic 
process  of  storm  washover,  burial,  and  re- 
emergence  at  the  shoreface  (Fig.  4B). 
Lower  shoreface  sands  will  tend  to  be  trans- 
ported  seaward   to   accumulate   over   the 
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Fig.  5.  Sidescan  sonar  records  of  current  lineations  on  the  Long  Island  coast,  collected  at  three  dif- 
ferent periods.  Positioning  by  Raydist.  Current  lineation  pattern  (bands  A-F)  expands  to  south  during 
observation  period.  Apparent  change  in  orientation  in  last  panel  is  due  to  ship  maneuvering.  ( From 
Stubblef ield  et  al.  in  prep. ) 


eroded  surface  of  the  lagoonal  deposits  as 
the  leading  edge  of  a  marine  sand  sheet. 
Bruun's  hypothesis  is  compatible  with  the 
stratigraphic  evidence  and  with  our  limited 
knowledge  of  coastal  hydraulics.  A  more 
rigorous  test  lequires  bathymetric  time  se- 
ries to  document  changes  in  the  coastal  pro- 
file. Limited  data  of  this  sort  are  becoming 
available.  Harris  (1954)  undertook  a  study 
of  the  Long  Branch,  New  Jersey,  dredge 
spoil  dumpsite  to  determine  if  dumping  was 
nourishing  the  beach  (Fig.  6).  In  fact,  dur- 
ing a  4-year  period,  the  shoreface  under- 
went between  5  and  26  cm  of  erosion,  while 
an  irregular  pattern  of  deposition  prevailed 
on  the  inner  shelf  floor.  A  somewhat  longer 
time  series  has  been  prepared  by  Kim  and 
Gardner  (Woodward-Clyde  Assoc.)  during 
study  of  proposed  sewage  outfall  routes  for 
the  Ocean  County,  New  Jersey,  sewerage 
authority  ( Fig.  7) .  Two  out  of  three  profiles 
taken  indicate  L5-2.0  m  of  erosion  over  20 
years.  The  third  profile  is  immediately  south 
of  a  shoreface-connected  sand  ridge;  here 


compai'able  aggradation  has  occurred  as  a 
consequence  of  southward  ridge  migration. 

Grotcth  of  ridges — Erosional  shoreface 
retreat  on  the  Atlantic  cannot  be  adequately 
described  by  a  two-dimensional  model  such 
as  Fig.  4  because  the  shoreface  appears  to 
be  the  formative  zone  for  sand  ridge  topog- 
raphy as  well  as  for  the  sand  sheet  into 
which  it  is  impressed.  Clusters  of  shoreface- 
sand  ridges  occur  on  the  New  Jersey  coast 
between  Brigantine  and  Barnegat  Inlets,  on 
the  north  New  Jersey  coast  between  Mana- 
squan  and  Sea  Bright,  and  on  the  Long  Is- 
land coast  from  Long  Beach  to  the  shore- 
face  of  eastern  Fire  Island. 

The  shoreface-connected  ridges  are 
named  for  their  oblique,  fingerlike  exten- 
sions of  the  shoreface,  causing  seaward  de- 
flections of  isobaths  as  shoal  as  5  m.  The 
ridges  tend  to  be  asymmetric  in  cross-sec- 
tion, with  steep  seaward  flanks,  although 
this  relationship  may  be  reversed  at  the 
base  of  the  ridge  where  it  joins  the  shore- 
face.  Seaward  flanks  tend  to  be  notably 
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Fig.  6.  Erosion  and  deposition  near  Long  Branch,  New  Jersey,  dredge  spoil  dumpsite  during  a  4- 
yr  period.  Recorded  changes  are  0.4-1.4  ft.  Shoreface  has  undergone  erosion;  adjacent  seafloor  primarily 
has  undergone  aggradation.  (From  Harris  1954.) 
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Fig.  7.  Profiles  of  proposed  sewage  outfall  sites  on  the  New  Jersey  coast.  Sites  A  and  B  have  eroded 
over  a  20-yr  period.  Site  C,  immediately  downcoast  of  a  shoreface-connected  sand  ridge,  has  aggraded. 
(Reprinted  from  Kim  and  Gardner  1974  with  permission  of  Woodward-Clyde  Assoc.) 
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finer  than  landward  flanks.  Off  Brigantine 
Inlet  and  off  the  New  Jersey  coast,  shore- 
face-connected  ridges  are  associated  with 
free-standing  inner  shelf  ridges  that  can  be 
traced  seaward  for  tens  of  kilometers  in  ap- 
parent genetic  sequence.  The  ridges  form 
on  the  shoreface  in  response  f^rt  south-trend- 
ing coastal  storm  currents  ( Duane  et  al. 
1972 )  and  become  detached  from  the  shore- 
face  as  it  retreats.  They  tend  to  migrate 
downcoast  (to  the  south  or  west)  and  off- 
shore, extending  their  crestlines  so  as  to 
maintain  contact  with  the  shoreline  ( Fig. 
8).  Eventually,  however,  contact  is  broken, 
and  they  ;ire  stranded  on  the  deepening 
shelf  floor.  Downcoast  ridge  migration  is 
part  of  a  general  pattern  of  southwesterly 
sand  transport  on  the  Atlantic  shelf.  In  the 
offshore  ridge  topography,  this  pattern  is 
indicated  by  the  tendency  of  both  ridge 
crests  and  trough  talwegs  to  rise  toward 
the  southwest.  Locally,  it  is  indicated  by 
patterns  of  erosion  and  deposition  near 
wrecks  ( Fig.  9 ) . 

Sand  transport  on  the  inner  shelf 

The  preceding  description  of  the  mor- 
phologic evolution  of  the  New  York  shelf 
surface  is  based  primarily  on  the  interpre- 
tation of  bathymetric  maps,  aided  by  local 
substrate  inventories  in  which  the  bottom  is 
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Fig.  8.  Patterns  of  erosion  and  deposition  on 
Beach  Haven  Ridge,  New  Jersey,  between  1935 
and  1954,  superimposed  on  1954  bathymetry.  Pat- 
tern of  north  flank  erosion  and  south  flank  depo.si- 
tion  indicates  downcoast  migration  of  ridge.  ( From 
DeAlteris  et  al.  in  press. ) 


examined  by  grab  sampling,  photography, 
Vibracoring,  and  seismic  profiling.  The  con- 
clusions are  qualitative  but  nonetheless 
valid.  However,  fuller  understanding  of  the 
behavior  of  the  shelf  surface  requires  a 
different  approach. 

We  must  directly  measure  fluid  and  sedi- 
ment transports  involved  in  the  two  basic 
mechanisms  that  have  shaped  the  shelf  sur- 
face: tidal  flow  and  sand  storage  at  estuary 
mouths,  and  erosional  retreat  of  the  shore- 
face  between  estuary  mouths.  Environ- 
mental managers  who  must  make  decisions 
about  dredged  channels,  sewage  outfalls, 
sewage  and  dredge  spoil  dumpsites,  deep- 
water  tanker  tenninals,  and  offshore  power 
plants  need  to  understand  these  processes 
before  they  can  evaluate  the  stability  of  the 
iimer  shelf  surface. 

The  nature  of  coastal  sand  transport  dur- 
ing storms  is  the  first  major  problem  we 
will  consider.  Fluid  motions  in  the  surf 
zone  have  been  studied  for  decades,  and  the 
role  of  longshore  currents  driven  by  shoal- 
ing and  breaking  waves  has  been  described 
(e.g.  Bowen  1969).  In  the  New  York  area. 
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Fig.  9.  Accretion  and  scour  by  a  wreck  near 
Beach  Haven  Ridge,  New  Jersey.  ( From  DeAlteris 
et  al.  in  press. ) 
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massive  discharges  of  sand  in  the  surf  zones 
of  the  Long  Island  and  New  Jersey  coasts 
move  toward  the  New  York  harbor  mouth; 
these  discharges  have  built  Sandy  Hook 
and  Rockaway  spits  within  subhistoric  to 
historic  times.  However,  we  know  almost 
nothing  about  fluid  motions  over  the  ad- 
jacent inner  shelf,  although  the  geologic 
data  presented  above  show  that  currents 
seaward  of  the  surf  play  a  major  role  in  the 
coastal  sand  budget.  We  must  specifically 
ask  what  time  and  .space  scales  of  inner 
shelf  flows  are  intense  enough  to  entrain 
sand?  Is  their  velocity  field  so  structured 
that  there  are  periods  of  significant  offshore 
bottom  flow  and  sand  transport? 

Equally  important  is  the  problem  of  the 
inner  shelf  sand  ridges,  which  seem  to  occur 
wherever  a  sewage  outfall  or  power  plant  is 
to  be  located.  If  we  wish  to  predict  the 
probable  behavior  of  these  features  through 
the  design  life  of  the  structure,  we  must  un- 
derstand their  genesis  and  how  they  are 
maintained  by  flow.  It  is  a  truism  of  loose 
boundary  hydraulics  that  sheared  boundary 
flows  are  innately  unstable,  and  that  these 
instabilities  tend  to  interact  with  the  sub- 
strate to  generate  sand  ripples,  sand  ribbons, 
sand  waves,  and  sand  dunes.  The  circum- 
stantial evidence  that  inner  shelf  sand  ridges 
are  similarly  responses  to  flow  is  strong. 
How  are  they  formed  land  maintained? 

As  a  first  attempt  to  investigate  these 
questions,  Lavelle  et  al.  (in  press)  placed 
40  Aandaraa  current  meters  at  19  stations 
over  the  Tobay  Beach  sand  ridges  of  the 
Long  Island  inner  shelf  (Figs.  10  and  11). 
The  meters  were  in  place  for  6  weeks  dur- 
ing late  November  and  December  1974;  a 
single  meter  recorded  for  an  additional  5 
weeks.  All  meters  averaged  speed  over  10 
min  and  took  an  instantaneous  direction 
reading  during  each  sampling  period. 

During  the  observation  period,  a  series  of 
moderate  storms  induced  easterly  and  west- 
erly flows  parallel  to  the  coast.  A  final  storm 
on  1-4  December  was  very  intense,  causing 
more  beach  erosion  than  any  storm  since 
the  Ash  Wednesday  storm  of  1962  (C.  Gal- 
vin  personal  communication ) . 

In  Fig.  12,  vector  averages  for  all  near- 
bottom,  middepth,  and  near-surface  meters 


are  presented  for  periods  of  both  westward 
and  eastward  flows.  A  wind-controlled  pat- 
tern of  coastal  flow  emerges.  There  is  a  top 
to  bottom  speed  shear  as  well  as  a  direc- 
tional shear.  Prevailing  fall  and  winter 
winds  blow  out  of  the  northwest,  across  the 
east-west  Long  Island  shoreline;  the  result 
is  a  tendency  toward  coastal  upwelling. 
Surface  flows  have  an  offshore  component 
for  both  eastward  and  westward  flow  direc- 
tions. The  response  is  less  symmetrical  at 
depth;  westward  bottom  flows  parallel  the 
isobaths,  whereas  eastward  bottom  flows 
have  an  onshore  component.  Net  water 
transport  during  the  observation  period  was 
eastward. 

During  the  early  December  storm  there 
was  a  small  offshore  component  to  the  water 
flow  near  the  bottom.  Figure  13  shows  the 
winds  during  the  storm  and  the  associated 
current  velocities  from  a  near-bottom  cur- 
rent meter,  which  have  been  filtered  with 
a  40-h  and  a  3-h  low-pass  filter.  The  40-h 
low-pass  filtered  record,  which  is  a  segment 
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Fig.  10.  Bathymetry,  current  meter  stations, 
and  tracer  release  point  ( RIST  drop )  for  the  Long 
Island  nearshore  ( LINS )  experiment.  ( From  La- 
velle et  al.  in  press.) 
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Fig.  11.     Distribution  of  grain  sizes  over  the  Tobay  Beach  ridges,  LINS  area.  Size  classes  in  phi  units. 


taken  from  Fig.  12,  obscures  the  brief  time- 
scale  flow  associated  with  the  storm.  The 
3-h  low-pass  record,  which  is  only  slightly 
.smoothed  and  still  contains  the  tidal  signal, 
shows  a  period  of  offshore  flow  more 
clearly.  These  results  must  be  viewed  cau- 
tiously. The  Aandaraa  current  meters  which 
were  used  have  large  direction  and  speed 
errors  when  used  in  shallow  water  with  sur- 
face wave  amplitudes  as  large  as  were  pres- 
ent during  the  event  described  here. 

During  the  November-December  exper- 
iment on  the  Long  Island  inner  shelf,  esti- 
mates of  sand  transport  were  made  from 
calculations  from  current  meter  records 
(Lavelle  et  al.  in  press)  and  also  from  radio- 
isotope tracer  dispersal  patterns  ( Lavelle  et 
al.  unpublished  data).  To  generate  the  pat- 
terns, about  500  cm^  of  indigenous  fine  to 
very  fine  sand  was  surface-coated  with  10 
Ci  of  »«3Ru  (half-life,  39.6  d).  On  12  No- 
vember, equal  portions  of  tagged  sand  were 
released   in   water   soluble   bags    at   three 


points  at  the  east  end  of  the  main  trough 
(Fig.  14).  The  injection  points  formed  an 
equilateral  triangle  with  sides  roughly  100 
m  long.  The  developing  dispersal  pattern  of 
labeled  sand  was  surveyed  at  intervals  by 
scintillation  detectors  mounted  in  a  cylinder 
towed  across  the  bottom.  Navigation  was 
by  a  Raydist  system  with  10-m  resolution. 
Four  postinjection  surveys  were  made  dur- 
ing the  11-week  tracer  experiment.  Disper- 
sal patterns  mapped  2  and  8  weeks  after  in- 
jection are  shown  in  Fig.  14.  After  2  weeks 
(25  November)  roughly  ellipsoidal  smears 
trended  east  from  each  of  the  three  injection 
points  (Fig.  14A).  Each  smear  could  be 
traced  for  about  200  m  before  the  signal 
was  lost  in  the  background  radiation.  After 
8  weeks  ( 10  January )  the  three  eastward 
smears  had  been  replaced  by  a  single,  more 
extensive  pattern  extending  700  m  to  the 
west  (Fig.  14B).  Partially  processed  data 
from  an  intermediate  survey  ( 17-19  Decem- 
ber) indicate  that  the  reversal  in  fact  had 
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CURRENT  DIRECTION  AND  SPEED  ,:.__ 

Fig.  12.  Summary  of  flow  data  for  the  LINS  experiment.  A — Vector  time  series  of  representative 
near-bottom  flow.  Data  have  been  subjected  to  a  40-h  low-pass  filter.  B,  C — Long  term  velocity  averages 
of  eastward  and  westward  flow  for  meters  grouped  by  depth  in  water  column.  Bottom,  middcpth,  and 
near-surface  groupings  are  labeled  B,  M ,  and  S.  ( From  Lavelle  et  al.  in  press. ) 
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Fig.  13.  Vector  time  series  for  bottom  current 
and  wind  velocities  during  the  1-4  December 
storm.  A — 40-h  low-pass  filtered  record  ( Lanczos 
filter  with  response.  —6  db  at  36  h  and  —20  db  at 
40  h).  B — Wind  record  from  Ambrose  Tower.  C — 
3-h  low-pass  filtered  record  ( Lanczos  filter  with 
response.  —6  db  at  2.5  h  and  —20  db  at  3  h). 


occurred  before  this  and  that  it  initially  had 
been  at  least  1,200  m  long. 

The  temporal  pattern  of  sediment  trans- 
port over  60  days  may  be  inferred  from 
Fig.  14C.  Current  speed,  measured  1.5  m 
from  the  bed,  is  plotted  against  time.  The 
horizontal  line  at  18  cm/s  is  an  estimated 
threshold  for  the  fine  to  very  fine  sand 
(mean  diameter,  3.0  (j))  found  at  the  site. 
It  is  based  on  the  work  of  Shields  and  sub- 
sequent workers  (Graf  1971:  p.  90)  and  on 
a  choice  of  3.0xl0~^  for  the  drag  coefficient 
(Sternberg  1972).  This  choice  of  threshold 
velocity  was  supported  by  empirical  evi- 
dence obtained  during  the  course  of  the 
experiment  (Lavelle  et  al.  in  press).  Esti- 
mates have  been  prepared  for  the  relative 
role  each  transport  event  played  in  the 
overall  transport  record,  based  on  the  con- 
cept of  frictional  energy  expenditure  pro- 
portional to  the  transport  volume  ( Bagnold 
1963).  For  each  event  where  velocities  ex- 
ceeding threshold  were  recorded,  a  trans- 
port volume  was  calculated: 

Qi  =  a  \^  (\u\-  \uth\)^  dt, 
i 
where  \u\  is  measured  current  speed    ]i/,/,| 
is  threshold  speed,  a:  is  a  constant  of  pro- 
portionality, and  ti  is  the  duration  of  tho 
transport  event  ( Lavelle  et  al.  in  press ) . 

Expression  of  sand  transport  as  a  power 
of  the  difference  of  measured  and  threshold 
velocity  is  supported  by  Kennedy's  (1969) 
analysis  of  stream  transport  data.  Without 
assigning  a  value  to  a,  we  can  calculate  the 
rate  of  transport  of  one  flow  event  relative 
to  the  next  or  in  relation  to  the  sand  dis- 
charge that  occurred  over  the  entire  dura- 
tion of  the  current  meter  record.  The  sec- 
ond of  these  options  has  been  used  in  Fig. 
14C,  where  relative  sand  transport  as  per- 
cent of  total  transport  has  been  represented 
as  solid  bars  superimposed  on  the  current 
meter  record.  Bar  height  is  a  measure  of 
volume  percent  of  transport;  bar  width  is  a 
measure  of  dm^ation  of  the  transport  event. 
Despite  the  exceedence  of  the  sediment 
transport  threshold  at  many  points  in  the 
record,  only  the  solid  bars  centered  on  2 
and  16-17  December  are  visible  in  the  fig- 
ure. Thus  sand  transport  during  observation 
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consisted  of  periods  of  quiescence  separated 
by  brief,  intense  transport  events.  Further- 
more, since  discharge  is  calculated  as  a 
power  function  of  excess  velocity,  intense 
storms  are  far  more  efficient  transporters 
of  sand  than  mild  ones.  Although  the  trans- 
port index  calculated  for  the  1-4  December 
storm  may  be  biased  by  the  choice  of 
threshold  speed  as  well  as  by  the  functional 
dependence  on  velocity,  it  seems  probable 
that  any  reasonable  parameterization  would 
lead  to  the  same  general  conclusion:  the 
storm  event  of  1-4  December  moved  more 
sand  at  20-m  water  depth  than  the  com- 
bination of  all  other  transport  events. 

Attempts  have  also  been  made  to  calcu- 
late sediment  transport  indices  over  longer 


periods  of  time  in  the  New  York  Bight  apex. 
The  following  computation  is  based  on  30- 
80-day  Aandaraa  current  meter  records 
(Fig.  15).  Data  in  each  current  meter  rec- 
ord consist  of  an  average  speed,  u,  and  an 
instantaneous  direction,  d,  taken  for  each 
10-min  sampling  interval.  For  each  inter- 
val in  which  an  assigned  threshold  speed, 
I »,;,[,  is  exceeded,  a  sediment  transport  in- 
dex, Q,  has  been  computed,  as  follows: 

P  =  ( |u]  -  |uai )',  ( |«j  -  \uth\ )  >  0. 

For  each  current  meter,  the  set  of  vectors  of 
flow  direction,  d  (0°^  ^=^  359°),  and  of 
sediment  transport  index,  Q,  is  sorted  into 
10-degree  classes.  The  results  are  plotted  as 
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Fig.  14.  Sand  transport  data.  A,  B — Dispersion  patterns  measured  13  and  59  days  after  injection  of 
tagged  sand.  Point  sources  are  represented  by  dots.  Broken  line  is  the  survey  trackline.  Dots,  coarse  dots, 
and  Xs  indicate  increasing  intensity  of  radiation.  C — Near-bottom  current  speed  record  over  the  duration 
of  the  experiment  and  calculated  sediment  transport  information.  ( From  Lavelle  et  al.  in  press. ) 
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A  ^?T^^'    ,^'^*'^yni<^f'^>''  bottom  sediment  character,  and  calculated  patterns   of  sediment   transport   for 
April-June  1974  m  the  New  York  Bight  apex  (see  text).  Depth  in  fathoms. 

rose  diagrams  in  Fig.  15.  The  length  of  each  For  each  current  meter  station  in  Fig.  15 

radial  bar  is  proportional  to  the  mean  sedi-  the   normalized   resultant  of   all   sediment 

ment  transport  index,  while  the  width  is  transport  vectors  is  indicated  by  a  single  ar- 

proportional  to  the  duration  of  flow  above  row.  The  resulting  magnitude  has  been  di- 

threshold,  hence  the  bars  may  overlap.  vided  by  the  total  number  of  days  that  the 
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current  meter  was  in  operation  (Tp)  to  de- 
rive a  daily  average,  Qo : 

T 

^o  =  jT-  J  ( |"|  -  \uth\  )^  u  dt. 


where  u  is  a  unit  vector  with  direction  6, 
and  T  is  the  total  number  of  days.  The  in- 
tegrand is  zero  when  the  velocity  is  less 
than  threshold. 

Figure  15  suggests  that  during  April-June 
1974,  sand  transport  was  westward  off  the 
Long  Island  short.'  and  southward  off  the 
New  Jersey  shore.  Nearshore  stations  reveal 
a  strong  onshore  component  of  the  sand 
transport  index,  perhaps  because  of  wind- 
induced  upwelling  or  because  of  the  land- 
ward directed  asymmetry  of  bottom  wave 
surge,  or  both.  Tho  magnitude  of  the  sand 
transport  index  generally  decreases  seaward 
but  is  anomalously  large  within  the  Hudson 
Shelf  Valley.  The  easterly  transport  revealed 
by  a  single  station  r.ff  the  Long  Island  coast 
is  probably  due  to    nstrument  problems. 

Some  unsolved  pro],'lems 

The  inner  shelf  sand  budget — Our  studies 
of  sand  transport  on  the  New  York  inner 
shelf  have  resolv.'d  some  questions  but 
raised  others.  It  is  clear  that  sand  transport 
occurs  seaward  of  the  surf  zone.  Transport 
is  episodic  in  natu'  e.  Sand  is  entrained  and 
transported  by  brief,  intense,  wind-driven 
coast-parallel  flows  lasting  for  hours  or  days 
and  separated  1)V  days  or  weeks  of 
quiescence.  Our  measurements  suggest  that 
inner  shelf  bottom  flows  are  more  likely  to 
transport  shelf  sands  shoreward  than  sea- 
ward. This  appears  to  be  due  to  intermittent 
coastal  upwelling  induced  by  northwesterly 
winds  and  perhaps  also  to  the  landward- 
oriented  asymmetry  of  near-bottom  wave 
surge.  Baylor  ( 1973 )  has  also  noted  this 
pattern  of  wind-irduced  coastal  upwelling 
off  Long  Island,  and  R.  Scarlet  (EG&G, 
Waltham,  Mass.,  unpublished)  reported  a 
similar  regime  of  coastal  upwelling  for  the 
Beach  Haven  Ridge  site  (Fig.  16). 

However,  our  observations  indicate  that 
the  1-4  December  storm  was  the  only  event 


that  caused  massive  sand  transport.  It  stands 
out  within  our  two  periods  of  current  moni- 
toring not  only  in  its  duration,  intensity,  and 
westward  direction  of  net  transport  but  in 
the  offshore  component  of  bottom  flow.  We 
must  consider  the  hypothesis  that  the  1-4 
December  storm,  anomalous  within  the  con- 
text of  our  short  term  winter  observation 
period,  is  in  fact  the  kind  of  peak  flow 
event  that  shapes  the  inner  shelf  surface  and 
controls  its  sand  budget.  We  have  noted 
that  Atlantic  shelf  stratigraphy  is  best  ex- 
plained by  erosional  shoreface  retreat  and 
seaward  transport  of  the  eroded  material. 
We  have  described  the  southwest  migration 
of  shoreface-connected  ridges  off  New  Jer- 
sey and  have  cited  evidence  for  the  net 
southwest  transport  of  sand  (Fig.  8).  We 
note  that  the  Tobay  Beach  ridges  (Fig.  11) 
are,  like  other  Atlantic  Bight  ridge  fields, 
asymmetrical  in  both  grain-size  distribution 
and  morphology;  the  seaward-facing  south- 
west slopes  are  steeper  and  finer  grained, 
implying  that  westward  flows  scour  the 
upcurrent  flanks  and  deposit  fine  sand  on 
the  seaward-facing  downcurrent  flanks. 

Recent  studies  by  physical  oceanog- 
raphers  also  suggest  that  southwestward 
currents  generated  by  "northeaster"  storms 
have  the  greatest  potential  for  shaping  the 
shelf  surface.  Beardsley  and  Butman  ( 1974 ) 
have  described  a  scale-matching  phenome- 
non, in  which  the  Middle  Atlantic  Bight 
tends  to  interact  with  "northeasters"  of  the 
appropriate  size  and  trajectory  so  that  in- 
tensive southwestward  flows  result  (Fig. 
17).  Their  observations  indicate  that  if  low 
pressure  cells  cross  the  bight  on  a  trajectory 
such  that  the  isobars  of  atmospheric  pres- 
sure cross  the  isobaths  of  the  shelf  surface  at 
a  high  angle,  then  oscillations  of  the  water 
column  may  result,  but  there  is  little  net 
displacement  of  water.  However,  when  the 
trajectory  and  scale  of  the  storm  are  such 
that  for  a  period  it  rests  in  the  Middle  At- 
lantic Bight  so  that  the  isobars  parallel  the 
isobaths,  then  strong  sustained  coupling  of 
wind  and  water  flow  results.  The  winds 
blow  along  the  isobars,  down  the  arc  of  the 
Middle  Atlantic  Bight.  Landward  Ekman 
transport  of  surface  water  causes  40  to  60 
cm  of  coastal  setup  and  results  in  a  south- 
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V  ig.  16.  Polar  histograms  of  hourly  averaged,  de-tided  summer  currents  in  cm/s  in  the  vicinity  of 
Beach  Haven  Ridge,  New  Jersey.  Only  flows  associated  with  winds  over  5  m/s  are  shown.  Prevailing 
wind  is  indicated  by  location  of  histogram  on  page  with  wind  direction  shown  in  center.  Inner  ring  of 
histograms  is  for  near-surface  measurements,  outer  ring  is  for  near-bottom  measurements.  Directions  of 
winds  and  currents  are  indicated  with  top  of  page  representing  upcoast  motion  (036°  true).  Histo- 
grams are  omitted  if  fewer  than  35  h  of  data  were  found  for  specified  wii  '  condition.  Solid  contours 
enclose  50%  and  dashed  contours  enclose  90%  of  data.  (Adapted  from  EG&G  Environ.  Consult.  1975.) 


ward  geostrophic  transport  of  the  .shelf  wa- 
ter column  that  is  coherent  and  slablike. 
Boicourt  and  Hacker  ( 1976 )  described 
a  similar  period  of  southward  storm  flow  on 
the  Virginia  coast  with  sustained  middepth 
velocities  of  30-50  cm/s.  Both  sets  of  inves- 
tigators noted  a  marked  asymmetry  in  the 
hydraulic  climate,  whereby  southwest  storm 


flows  tend  to  be  noticeably  more  intense 
than  northeast  flows. 

It  is  clear  from  the  preceding  discussion 
that  the  role  of  storm-driven  currents  in 
mediating  the  coastal  sand  budget  requires 
additional  study.  We  need  to  know  more 
about  the  frequency  of  southwestward 
storm  flows  and  their  velocity  structure.  We 
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Fig.   17.     Surface  weather  maps  for  18  and  22  March    1974.   Only  the   second   storm  produced   sus- 
tained coupling  bet\v(nn  wind  and  water  flow.  (From  Beardsley  and  Butman  1974.) 


must  also  learn  to  design  experiments  that 
will  resolve  perturbations  of  flow  that  build 
and  maintain  ridge  iystems. 

Sand  transport  and  storage  at  New  York 
Harbor  mouth — Major  sections  of  the  New 
York-New  Jersey  shelf  have  been  shaped  by 
the  tidal  regimes  associated  with  estuary 
mouths  during  the  postglacial  rise  of  sea 
level.  Sand  budgets  of  estuary  mouths  are 
also  of  great  interest  to  environmental  man- 
agers; the  Atlantic  coast  estuaries  are  the 
approaches  to  the  major  coast  ports  "and 
require  repeated  costly  dredging.  At  pres- 
ent, the  only  estuary  mouth  subjected  to 
systematic  study  is  that  of  Chesapeake  Bay 
(Ludwick  1972,  1974,  in  press).  However, 
reconnaissance  data  are  available  for  the 
Hudson  estuary  mouth,  which  suggest  di- 
rections for  further  study. 

New  York  Harbor  mouth  is  clearly  a  sink 
for  the  littoral  drift  of  the  Long  Island  and 
New  Jersey  coasts.  Within  the  past  century, 
much  of  the  deposition  lias  occurred  on 
the  ends  of  Rockaway  and  Sandy  Hook 
spits;  these  features  have  grown  rapidly, 
nearly  closing  off  the  harbor  mouth  within 
historic  times  ( Shepard  and  Wanless  1971 ) . 
However,  it  appears  that  much  sand  has 
bypassed  the  spits;  a  complex  system  of 
sand  banks  separated  by  interdigitating  ebb 


and  flood  channels  lies  between  them  ( Fig. 
18).  A  profile  of  velocity  residual  to  the 
semidiurnal  tidal  cycle  gives  some  indica- 
tion of  the  flow  structure  responsible  for 
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Fig.  18.  Bathmetry  of  the  New  York  Harbor 
mouth,  from  a  1973  NOAA/AOML  survey.  Depth 
in  meters.  Dashed  line  indicates  profile  of  Fig.  19. 
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bank-channel  topography  (Fig.  19).  The 
characteristic  estuarine  two-layer  flow  is 
present  as  indicated  schematically  in  Fig. 
19B.  The  less  saline  upper  water  has  a  re- 
sidual seaward  flow,  and  the  more  saline 
lower  water  has  a  residual  landward  flow. 
As  a  consequence  of  the  Coriolis  effect,  the 
interface  is  tilted  so  that  the  east  side  of  the 
harbor  mouth  is  flood  dominated  while  the 
upper  level  of  the  west  side  is  ebb  domi- 
nated. The  distribution  of  isovels  in  Fig. 
19A  suggests  that  this  basic  pattern  has  been 
modified  by  the  frictional  retardation  of 
the  tidal  wave  in  the  shallow  estuary  and 
the  resulting  phase  lag  ( Swift  and  Ludwick 


in  press).  Because  of  retardation,  there  is 
a  brief  period  during  the  tidal  cycle  when 
the  estuary  tide  is  still  ebbing  through  the 
central  channel  while  the  shelf  tide  has  al- 
ready turned  and  is  flooding  on  either  side 
of  the  ebb  tidal  jet.  This  flow  pattern,  in- 
tegrated over  the  tidal  cycle,  results  in 
greater  ebb  than  flood  discharge  in  the 
central  channel  (ebb  dominance)  and 
greater  flood  than  ebb  discharge  in  the 
marginal  zones  (flood  dominance;  Fig. 
19C).  It  is  probably  because  of  this  lag- 
induced  flow  interpenetration  that  the 
Sandy  Hook  Channel  is  not  completely  ebb 
dominated   as   required   by   the  two-layer, 
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Fig.  19.  A — Profile  across  the  Hudson  estuary  mouth  (mouth  of  New  York  Harbor),  contoured  for 
velocity  residua!  to  the  semidiurnal  cycle.  Pattern  is  interpreted  as  a  resultant  response  to  component 
patterns  shown  in  B  and  C.  B — Schematic  diagram  of  two-layered,  density-driven  estuary  flow.  C — 
Schematic  diagram  of  pattern  resulting  from  phase  lag  of  the  tidal  wave.  (Modified  from  data  of  Kao 
1975;  reprinted  from  Duedall  et  al.  in  press  by  permission  of  Estuarine  and  Coastal  Marine  Sciertce. ) 
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estuarine  component  of  flow  Init  is  flood 
dominated  near  the  channel  floor  ( Fig. 
19A).  The  two  sand  ridges  that  separate  the 
three  channels  are  presumably  built  by  this 
pattern  of  flow  dominance.  Residual  flow 
on  the  opposite  sides  of  a  given  sand  ridge 
will  have  the  opposite  sense;  each  ridge  is 
therefore  a  sand  circulation  cell  or  closed 
loop  in  the  sand  transport  pattern. 

Here  perhaps  are  the  ultimate  sinks  in 
the  littoral  sand  transport  pattern  of  the 
New  York  Bight.  Efficient  maintenance  of 
the  dredged  shipping  channels  demands 
verification  of  this  inferred  pattern  of  flow 
dominance  and  careful  analysis  of  the  re- 
sulting sand  budget. 
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Abstract:  The  southern  Virginia  shelf  is  traversed  by  a  shelf  valley  which  may  constitute  the  retreat 
path  of  the  ancestral  James  River  during  the  late  Holocene  sea  level  rise.  It  is  flanked  by  levee-like 
margins  (shoal-retreat  massifs)  which  are  the  retreat  paths  of  littoral  drift  depostional  centers  that 
were  maintained  on  the  sides  of  the  retreating  estuary  mouth. 

This  transgressive  nearshore  marine  topography  has  been  heavily  modified  as  Holocene  sea  level  rise 
has  continued;  the  water  column  has  deepened,  and  the  shoreline  has  receded.  Strong  south-trending 
currents  associated  with  "northeaster"  storms  have  redistributed  the  surficial  sand.  They  have  im- 
pressed patterns  of  transverse  sand  waves,  current-parallel  iineations,  and  large-scale,  nearly  current- 
parallel  sand  ridges. 

The  sand  ridges  are  a  variety  of  large-scale  bedform  whose  genesis  is  still  not  adequately  understood. 
The  ridges  on  the  Virginia  Beach  Massif  appear  to  have  been  incised  into  the  massif  as  successive 
segments  became  exposed  to  open  shelf  flows,  while  the  False  Cape  ridges  appear  to  have  formed  by  a 
somewhat  different  scheme  of  ridge  growth  and  detachment  during  erosional  retreat  of  the  shoreface. 
However,  both  ridge  sets  have  a  number  of  significant  characteristics  in  common.  Trough  talwegs  and 
crestlines  climb  to  the  south  in  both  sets.  Both  sets  make  northward-opening  angles  of  20-35°  with  the 
shoreline.  For  both  sets  the  landward  flanks  are  more  coarse  grained  and  more  gently  inclined  than  the 
seaward  flanks,  perhaps  as  a  consequence  of  a  cross-ridge  component  of  flow.  The  same  or  very  similar 
hydraulic  mechanisms  appear  to  have  been  involved  in  their  respective  schemes  of  formation. 


INTRODUCTION  ^^^  their  subsequent  modification  in  response 

The  floor  of  the  inner  continental  shelf  of  to  the  Holocene  hydraulic  regime. 
Virginia  (Fig.  1)  contains  classic  examples  of  Metric  units  will  be  used  in  this  report  ex- 
the  morphologic  patterns  seen  at  many  other  cept  in  maps  based  on  National  Ocean  Survey 
places  in  the  Middle  Atlantic  Bight  (Swift  et  data.  The  manpower  requirement  for  recon- 
al.,  1972b),  including  a  shelf  valley,  shoal  re-  touring  the  smooth  sheets  for  these  maps  in 
treat  massif,  and  a  set  of  shoreface-connected  metric  units  is  prohibitive.  When  these  maps 
ridges.  We  present  observations  on  the  charac-  are  discussed  in  the  text,  both  metric  and  En- 
ter of  the  substrate,  gained  by  bathymetric  ghsh  units  will  be  reported, 
measurements,    grab   sampling,    vibracoring, 

sidescan  sonar  profiling,  and  limited  flow  ob-  bathymetry 

servations.  We  infer  from  these  observations  The  Virginia  Inner  Shelf  south  of  Cape 
the  mode  of  formation  of  these  morphologic  Henry  is  a  gently  undulating  sand  plain 
elements  during  the  Holocene  transgression     characterized  by  north-south-trending  sand 

ridges  with  up  to  10  m  of  relief.  This  topogra- 

y  exi 
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scarp  whose  toe  lies  at  43  m  (141  ft);  see  Figs.  1 
and  2.  A  more  steeply  dipping  shoreface  lies 
between  the  beach  and  the  inner  shelf  proper, 
from  which  it  is  separated  by  the  21-m  (70-ft) 
isobath.  In  the  south,  the  shoreface  bears  a 
series  of  sand  ridges  which  trend  obliquely 
across  it,  converging  with  the  beach  toward 
the  south.  Toward  the  north  the  shoreface  be- 
comes wider  and  more  gently  inclined  as  the 
mouth  of  Chesapeake  Bay  is  approached.  The 
most  prominent  feature  of  the  shelf  floor  is  a 
broad,  poorly  defined  shelf  valley  (Virginia 
Beach  Valley)  that  trends  west  across  the 
southern  margin  of  the  study  area,  then 
northwest.  The  valley  is  bordered  on  the  north 
by  an  east- west-trending  topographic  high, 
which  is  segmented  into  north-south-trending 
ridges  and  swales  (Figs.  2,  3).  This  feature 
will  be  referred  to  as  the  Virginia  Beach  Mas- 
sif (massif  in  the  sense  of  a  compound  topo- 
graphic high  consisting  of  smaller  scale  highs; 
Swift,  1972,  1973). 

Ridge  crests  on  the  massif  climb  toward  the 
south.  Trough  axes  also  climb  toward  the 
south,  passing  through  low  saddles  before 
dropping  abruptly  into  the  shelf  valley  (the 
reverse  trough  in  the  "Z"-shaped  ridge  of  Fig. 
3  is  an  exception).  The  ridges  tend  to  have  the 
outline  of  isosceles  triangles  with  northward- 
facing  apices.  As  a  consequence,  the  massif 
has  a  comblike  pattern  in  plan  view,  with 
"teeth"  generally  extending  from  the  spine  of 
the  massif  toward  the  north.  South  of  the  shelf 
valley  at  False  Cape,  a  series  of  sand  ridges 
trends  obliquely  northeast  across  the  shoreface 
(Swift  et  al.,  1972).  Ridge  crestlines  and 
trough  axes  of  the  False  Cape  ridges  also  rise 
to  the  south,  and  the  shelf  valley  between  the 
two  massifs  therefore  does  not  constitute  an 
axis  of  symmetry  (Swift  et  al.,  1972b,  p.  534- 
537). 


SHOAl  lITIfAl  MASSIfS 
•  •••      SU»SUtf*a  VAllCT 
■  ■■I      SUIFACI   VAiLfT 


Fig.  1. — Chesapeake  Bight  of  the  Atlantic  conti- 
nental shelf  showing  major  morphologic  elements. 
Data  for  subsurface  channels  on  the  inner  Virginia 
shelf  from  Harrison  et  al.,  1965;  Meisburger,  1972. 
From  Swift,  1975.  Depths  in  feet. 

STRATIGRAPHY 

The  stratigraphy  of  this  region  has  been  in- 
terpreted by  means  of  vibracores,  seismic  pro- 
files, and  radiocarbon  dates  (see  also  Swift  et 
al.,  1972a;  Shideler  et  al.,  1972).  The  results 
are  presented  as  Figs.  4  and  5.  An  early  Wis- 
consinan  unit  (unit  B,  Fig.  5)  has  a  radiocar- 
bon age  of  greater  than  37,000  yr  (Table  1). 


Table  1. — Radiocarbon  dates  from  the  inner  Virginia  shelf  (Geochron  Laboratories) 


Locality 

Location 

Depth 
(m) 

Age 

Number 

N 

W 

Unit 

RCZl 

Z  Ridge 

36°38.5 

75°39.6 

27 

29,800  +  3,000 
-  2,000 

c 

RCZ2 

Z  Ridge 

■     36°38.S 

75°39.6 

22 

495  ±  100 

Dl 

RCZ5 

Z  Ridge 

36°38.S 

7S°39.6 

23 

1,595  ±   115 

Dl 

RCZ7 

Z  Ridge 

'        36''38.S 

75°38.1 

24 

2,300  ±   160 

Dl 

RCFl 

False  Cape 

36°32.8 

75°44.8 

15 

20,400  ±  840 

C? 

RCF2 

False  Cape 

36°32.8 

7S°48.0 

19 

4,220  ±  140 

D 

RCF3 

False  Cape 

36°32.8 

7S°4S.S 

21 

25,700  ±  800 

C 
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75°  50" 


75°  40" 


75°  30' 


75°20' 


75°10' 


Fig.  2. — Bathymetry  of  the  inner  shelf  of  southern  Virginia  with  locations  for  Figs.  5,  6,  and  7.  From 
Payne,  1970.  Contours  in  feet.  Dots  and  bars  are  locations  of  other  figures.  Dashed  line  indicates  axis  of 
Virginia  Sheif  Valley. 


Vibracores  reveal  a  fine-grained  muddy  sand; 
seismic  profiles  indicate  that  its  stratification 
tends  to  be  lenticular  with  prominent  channel- 
ing. The  unit  appears  to  consist  of  both  fluvial 
and  nearshore  deposits. 

The  overlying  unit  (unit  C)  has  a  radiocar- 
bon age  ranging  from  29,800  ±  800  yr  to 
possibly  as  young  as  20,400  ±  850  yr  (Ta- 
ble 1).  Vibracores  penetrating  this  unit  reveal 
laminae  and  thin  beds  of  muddy  sand  and 
sandy  mud.  Seismic  profiles  indicate  a  rela- 
tively uniform,  continuous  stratification.  The 
unit  appears  to  represent  a  regressive  near- 
shore  sequence  deposited  at  the  end  of 
the  mid-Wisconsinan  interstadial. 

The  youngest  unit  (unit  D,  Fig.  5)  is  a  dis- 
continuous sheet  of  fine  to  coarse-grained  sand 
that  is  molded  into  the  sand  ridge  topography 
seen  in  Figs.  2  and  3.  Locally,  in  the  axis  of 
some  troughs,  it  thins  to  a  few  centimeters  of 
shelly  gravel  overlying  unit  C  (Swift  et  al., 
1971,   fig.   9;   Shideler  et  al.,    1972,   fig.   9). 


Numerous  cores  have  been  collected  from  this 
basal  gravel  by  Powers  and  Kinsman,  1953. 
They  have  interpreted  it  as  a  product  of  the 
liquefaction  and  size  sorting  of  seafloor  sedi- 
ment by  storm  waves.  However,  the  regional 
stratigraphic  relationships  outlined  in  this 
paper  suggest  that  the  basal  gravel  is  more 
reasonably  explained  as  a  lag  deposit,  formed 
during  the  erosional  retreat  of  the  shoreface 
(Swift,  1976,  p.  265-268). 

This  three-fold  stratigraphy  may  be  inter- 
mittently resolved  on  the  margins  of  the  Vir- 
ginia Beach  Shelf  Valley  (Shideler  et  al.,  1972; 
see  Fig.  5B).  Within  the  shelf  valley  proper, 
however,  multiple,  strong,  upward-concave 
reflectors  indicate  a  complex  history  of  scour, 
channeling,  and  fill,  which  is  not  easily  corre- 
lated with  the  deposits  on  either  side  (Fig.  4). 
The  Shelf  Valley  continues  to  the  north  as  a 
subsurface  channel  that  passes  beneath  Cape 
Henry  (Meisburger,  1972)  and  the  Chesapeake 
Bay  Bridge  (Harrison  et  al.,  1965). 
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Fig.  3. — Bathymetry  of  the  Virginia  Beach  Shelf  Valley.  Froni  Payne,  1970.  Contours  in  feet, 
topographic  highs  are  stippled.  Letters  refer  to  ridges  discussed  in  the  text. 


iiiportant 


The  data  presented  above  indicate  that  the 
Virginia  Beach  Shelf  Valley  existed  as  a 
landward-transgressing-estuary  during  the 
period  of  Holocene  sealevel  rise  betv/een 
20,000  and  4,000  yr  ago  (Table  1).  The  Vir- 
ginia Beach  Massif  would  appear  to  be  a 
shoal-retreat  massif  (Swift  et  al.,  1972;  Swift, 
1973)  an  elongated  cross-shelf  high  marking 
the  retreat  path  of  the  littoral  drift  depositional 
center  on  the  northern  side  of  the  estuary.  The 
position  of  the  False  Cape  Massif  is  appropri- 
ate for  a  shoal-retreat  origin;  littoral  drift  on 
the  south  sides  of  modern  middle  Atlantic  es- 
tuaries also  moves  toward  the  estuary  mouth, 
although  not  as  strongly  as  does  drift  on  the 
north  side.  However,  the  False  Cape  Massif 
can  also  be  explained  as  a  series  of  shoreface- 
connected  sand  ridges  whose  presence  is  en- 
tirely the  consequence  of  open  coast,  non- 
estuarine  processes  (see  later  discussion). 

The  Virginia  Beach  Shelf  Valley  complex  is 
morphologically  very  similar  to  the  Albemarle 
Shelf  Valley  complex  110  km  to  the  south 
(Swift  et  al.,  in  press). 


SURFICIAL  SEDIMENTS 

The  distribution  of  size  grades  of  surficial 
sediment  over  the  study  area  is  presented  in 
Figs.  6-10.  The  distribution  is  complex  but 
may  be  resolved  into  two  topographically  con- 
trolled components,  a  large-scale  pattern  that 
reflects  the  disposition  of  shelf  valley  and  mas- 
sifs, and  a  small-scale  pattern  that  varies  with 
the  ridge  and  swale  topography. 

In  Fig.  6,  the  large-scale  pattern  appears  as 
a  series  of  east-west-trending  bands;  a  band  of 
gravel  and  coarse  -nd  medium  sand  across  the 
top  of  the  map,  a  band  of  medium  sand  along 
the  crest  of  the  Virginia  Beach  Massif,  and  a 
band  of  fine  to  very  fine  sand  on  the  southern 
slope  of  the  massif  and  in  the  shelf  valley. 

The  grab  sample  net  on  which  Fig.  6  is 
based  is  inadequate  to  resolve  fine  structure  in 
this  pattern  of  east-west  banding.  A  denser 
grab  sample  net  from  the  "Z"-ridge  sector  of 
the  Virginia  Beach  Massif  (Fig.  7)  reveals  a 
uniform  grain-size  decrease  from  the  medium 
sand  of  the  massif  crest  to  the  fine  sand  of  the 
shelf  valley  floor;  see  also  Fig.   8.  A  denser 
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Fig.  4. — Stratigraphy  of  the  Virginia  Beach  Shelf  Valley.  Seismic  profile  data  modified  from  Shideler 
et  al.,  1972.  North  is  to  the  right  of  the  map.  Depth  is  one  way  travel  time. 
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Fig.  5. — Vibracore  and  seismic  profile  transects  of  the  False  Cape  and  Virginia  Beach  ridges.  See  Fig.  2, 
positions  5 A  and  SB,  for  locations  of  profiles. 


990 


HOLOCENE  EVOLUTION,  INNER  VIRGINIA  SHELF 


1459 


76 
00  W 


GRAVEL 


COARSE  SAND 

I       I  MEDIUM  SAND 


FINE  SAND 


^  VERY  FINE 
^  SAND 


Fig.  6. — Distribution  of  median  diameter  of  the  sand  fraction  over  the  study  area.  Modified  from 
Shideler  et  al.,  1972.  Size  analyses  performed  by  an  automated  rapid  sediment  analyzer  (Nelsen, 
1974).  Boxes  indicate  locations  of  Figs.  7  and  10.  The  locations  of  Figs.  12  and  17  are  also  indicated. 


grab  sample  net  from  the  False  Cape  Massif 
(Fig.  10)  reveals  a  similar  grain-size  gradient. 
Here  it  occurs  mainly  in  the  troughs,  which 
grade  from  fine  to  very  fine  sand  toward  the 
south. 

The  detailed  grain-size  maps  also  reveal  a 
smaller  scale,  north-south  banding,  superim- 
posed on  the  coarser  pattern  of  east-west- 
trending  bands.  The  north-south-trending  pat- 
tern is  controlled  by  topography;  lenses  of 
coarser  sand  and  pebbly,  shelly  sand  lie  on 
trough  floors,  whereas  ridge  crests  and  flanks 
are  composed  of  medium  and  fine  sand.  Some 
grab  samples  and  cores  of  this  coarser  sand 
contain  numerous  clay  clasts  apparently 
eroded  from  the  underlying  substrate.  Com- 
parisons of  grain  size  and  topographic  profiles 


across  "Z"  ridge  indicate  that  even  this  denser 
sample  net  does  not  fully  resolve  the  pattern  of 
grain-size  variation;  grain-size  values  fluctuate 
erratically  from  east  to  west  through  a  range  of 
one  phi  unit.  Smoothing  of  the  grain  size  pro- 
files by  means  of  a  three-point  running  aver- 
age (Fig.  9)  suggests  that  coarser  sand  tends  to 
occur  in  the  trough  and  on  the  landward  flank 
of  the  ridge,  and  that  the  finest  sand  occurs  on 
the  seaward  flanks.  Trough  and  landward 
flank  sands  also  appear  coarser  than  seaward 
tlank  sands  in  a  profile  across  "A"  ridge  in  the 
False  Cape  sector  (Fig.  11),  and  in  sidescan 
sonar  records  (see  later  discussion). 

The  coarsest  sand  occurs  ais  elongate 
patches  and  ribbons  in  the  troughs  near  the 
base  of  the  landward  flanks  of  ridges  and  !o- 
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•36°  35' 

l5-20<^ 
7. — Distribution  of  mean  diameter  in  the 


"Z"-ridge  sector.  See  Fig.  6  for  location.  Numbers 
on  left  hand  margin  are  transect  numbers. 


cally  extends  up  the  landward  flanks  (Figs.  10, 
11).  Scuba  dives  reveal  that  in  trough  axes 
these  coarse  patches  are  centimeters  to  deci- 
meters thick  and  are  underlaid  by  a  stiff  clay 
surface.  Scuba  dives  also  indicate  that  during 
the  quiet  summer  months  mud  lenses  may  ac- 
cumulate in  the  troughs,  but  these  are  swept 
away  during  the  winter  months.  These  elon- 
gate coarse  patches,  observed  by  scuba  divers 
and  by  means  of  grab  sampling,  are  probably 
the  same  as  the  coarse-grained  current  linea- 
tions  observed  by  sidescan  sonar  (see  next  sec- 
tion). 

BEDFORM  PATTERNS 

Both  flow-transverse  and  flow-parallel  bed- 
forms  occur  in  the  study  area  at  several  scales. 

The  ubiquitous  small-scale  flow-transverse 
bedform  in  the  study  area  is  the  wave- 
generated  ripple.  Ripple  spacings  vary  from  6 
to  100  cm  with  larger  spacings  occurring  in 
coarser  sands.  Scuba  dives  reveal  that  during 
fair  weather,  rippled  surfaces  deeper  than  15 
m  may  be  partially  or  fully  stabilized  by  the 
growth  of  interstitial  reddish-brown  algae 
("rusty  bottoms").  In  the  partially  stabilized 
case,  "striped  bottoms"  occur,  in  which 
wave-activated  ripple  crests  appear  yellowish- 
white,  while  ripple  troughs  are  pigmented  by 
red-brown  algae. 

Fair-weather  ripples  at  10  m  on  the  crests  of 
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Fig.  8. — Plot  of  mean  diameter  of  the  sand  frac- 
tion against  transect  line  down  the  length  of  "Z" 
ridge.  See  Fig.  7  for  location  of  transects. 

the  False  Cape  ridges  were  observed  by  divers 
to  migrate  to  the  northwest  under  the  impetus 
of  landward-asymmetric  wave  surge  and  a 
northerly  near-bottom  mean  flow  of  15  cm/sec. 
Jackson  (1975)  has  summarized  studies  indi- 
cating that  small-scale  ripples  are  responses  to 
flow  in  the  inner  boundary  layer. 

Sand  waves  with  south-facing  steeper  slopes 
occur  on  ridge  flanks  and  in  troughs.  Sand 
wave  spacings  vary  from  10  m  to  200  m,  and 
sand  wave  heights  vary  from  20  cm  to  2  m. 
Several  much  larger  solitary  sand  waves  were 
observed,  one  over  5  m  high.  Two  distinct 
sand-wave  populations  appear  to  be  present, 
one  with  a  mean  spacing  of  10-15  m,  and  one 
with  a  mean  spacing  of  50  to  200  m.  Jackson's 
(1975)  analysis  would  suggest  that  the  meso- 
scale  sand  waves  are  responses  to  flow  in  the 
turbulent  outer  boundary  layer,  while  the 
large-scale  features  are  due  to  interaction  of 
the  whole  depth  of  flow  with  the  bottom. 

Mesoscale  sand  waves  (10-m  spacing)  were 
observed  primarily  by  divers  (Fig.  12).  The 
mesoscale  features  had  rounded  crests,  and 
southward-facing,  steeper  slopes  that  were  in- 
clined at  less  than  the  angle  of  repose.  Dark 
mud  10-cm  thick  lay  in  the  troughs.  The  ob- 
servation was  made  in  July   1971;  the  sand 
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Fig.  9. — Topography  and  mean  diameter  across  "Z"-ridge  transects.  Dots  are  raw  data;  zig-zag  lines  are 
3-point  running  averages.  See  Fig.  7  for  location  of  transects. 


waves  may  have  been  formed  in  the  intense 
storm  of  March  21,  1971.  They  appeared  to 
have  undergone  a  prolonged  period  of  quies- 
cence after  formation,  in  which  crests  were 
rounded  by  bioturbation  and  troughs  filled 
with  mud. 

The  large-scale  sand  waves  were  observed 
primarily  by  means  of  sidescan  sonar  and 
acoustic  depth  recorder  (Figs.  13,  14).  Steeper 
slopes  were  often  inclined  at  less  than 
the  angle  of  repose.  Some  of  the  larger  sand 


waves  appear  as  perturbations  of  the  60-ft 
contour  that  outlines  the  "Z"-shaped  ridge  in 
the  Virginia  Beach  Massif.  Sand  waves  were 
oriented  with  steeper  west  slopes  facing 
southwest,  except  in  the  extreme  southwest  of 
the  study  area  where  steeper  slopes  face  south- 
east (Fig.  13).  Sand  wave  orientation  suggests 
a  strong  southward  flow  component  during 
peak  flow  events  and  in  most  of  the  area  a 
weaker  offshore  component. 

Low  amplitude,   "tongue-like"  sand  wave 
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Fig.  10. — Distribution  of  median  diameter  of  the  sand  fraction  across  the  False  Cape  sector.  Modified 
from  Swift  eta!.,  1972.  Size  analyses  performed  by  rapid  sediment  analyzer  (Sanford  et  al.,  1971).  Depth  in 
fathoms. 


patterns  also  appear  on  ridge  flanks  and  crests 
(Figs.  13,  15B). 

Flow-parallel  bedforms  appear  on  sidescan 
sonar  records  as  dark  (highly  reflective) 
north-south  bands  of  coarse  gravelly  sands, 
fine  gravel,  or  shell  hash.  The  sidescan  sonar 


Fig.  1 1. — Profile  of  median  diameter  across  "A" 
ridge.  See  Fig.  10  for  location  of  profile.  Data  col- 
lected bv  Leonard  Nero.  From  McHone,  1972. 


records  suggest  that  several  different  kinds  of 
such  "current  lineations"  (McKinney  et  ai., 
1974)  are  present,  Sharp,  well-defined  bands 
of  gravel  or  gravelly  sand  are  10  to  400  m 
wide  and  up  to  several  km  long  (Fig.  16). 
They  occur  in  the  troughs  between  sand 
ridges.  They  appear  to  be  linear  windows  in 
the  Holocene  sand  sheet,  exposing  the  basal 
gravel  that  locally  underlies  it.  These  well- 
defined  linear  features  may  be  respon.ses  to 
specific  near-bottom  flow  patterns  (see  later 
discussion). 

Broader,  more  poorly  defined  coarse  zones 
are  also  found  in  troughs.  They  tend  to  occur 
primarily  on  the  seaward  sides  of  the  troughs 
and  may  extend  up  the  landward  flank  of  the 
adjacent  ridge  (Fig.  15A).  Broad  zones  on  the 
trough  floor  may  be  deflation  zones  where  re- 
peated intense  flows  have  removed  the  surfi- 
cia!  sand  layer  and  exposed  the  basal  gravel. 
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TAUT  NYLON  UNC  MARKED  IN  MCTERS. 
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BASE  OF 
CURRENT  METER 


BLACK  MUD 


lO-IS  CM  OF  BLACK  MUD 


VERTICAL  EXAGGERATION  =  lOx 

Fig.  12. — Profile  of  sand  waves  measured  by  divers.  See  Fig.  6  for  location. 


On  the  side  of  a  ridge,  however,  such  a  zone 
must  be  a  "perched"  deflation  zone  of  fine 
gravel  or  coarse  sand  armoring  fine  sand,  or 
simply  the  surface  of  a  relatively  thick  deposit 
of  coarse  material.  The  tendency  for  such 
coarse  zones  to  occur  on  the  landward  flank  of 
ridges  was  observed  in  grain-size  transects 
(Figs.  9,  11).  The  relatively  erratic  fluctua- 
tion of  mean  diameter  in  the  transects  of  Fig.  9 
becomes  understandable  when  the  complexity 
of  small-scale  grain-size  patterns  is  observed 
on  sidescan  sonar  (e.g.,  F"ig.  ISA). 


HYDRAULIC  CLIMATE  AND  SUBSTRATE 
RESPONSE  TO  FLOW 

Offshore  Flow 

Flow  in  the  study  area  tends  to  be  a  slow 
northward  drift.  Our  bottom-mounted  Geo- 
dyne  current  meters  revealed  a  mean  flow 
of  10-15  cm/sec  as  measured  within  37  cm  of 
the  bottom  during  two  ten-tiay  periods  in  July 
and  August  1971  (see  also  Holliday,  1971). 
The  flow  was  modulated  by,  but  not  generally 
reversed  by,  the  semidiurnal  tide.  The  north- 
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Fig.  13. — Schematic  representation  of  sidescan  sonar  tracklines  across  study  area.  Trackiines  are  shown 
4x  actual  width  for  clarity.  Navigation  was  conducted  by  means  of  Raydist.  Locations  of  other  figures 
are  indicated. 
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Fig.  14. — Sidescan  and  bathymetric  records  of  sand  waves  from  study  area.  See  Fig.  13  for  location. 


ward  flow  is  anomalous  with  respect  to  the 
generally  southward  flow  of  the  Middle  At- 
lantic Bight  and  may  be  part  of  a  density 
driven  circulation  associated  with  the  mouth 
of  Chesapeake  Bay  (Norcross  and  Stanley, 
1967;  Bumpus,  1969,  1973).  However,  during 
our  observations,  water  motions  correlated 
well  in  this  friction-dominated  nearshore 
regime  with  southerly  winds,  lagging  (or  occa- 
sionally leading)  wind  by  up  to  6  h  (Fig. 
17). 


During  periods  of  strong  winds,  more  in- 
tense flows  result.  Beardsley  and  Butman 
(1974)  have  noted  that  the  geometry  of  the 
Middle  Atlantic  Bight  tends  to  interact  with 
the  geometry  of  mid-latitude  low-pressure  sys- 
tems that  move  obliquely  across  it.  If  the 
trajectory  of  the  storm  is  such  that  the  Bight 
experiences  mainly  the  westerly  winds  of  the 
storm's  southern  half,  then  there  may  be 
strong  short-term  water  movements,  but  little 
net  transport  of  water. 


996 


w 


HOLOCENE  EVOLUTION,  INNER  VIRGINIA  SHELF 

® 


1465 


VE=49x 


IM^^''^^'"'^^^^ 


VE=49x 


Fig.  15. — A:  Sidescan  record  of  deflation  zone  extending  up  landward  flank  of  ridge.  See  Fig.  13  for 
locations.  B:  Sidescan  and  bathymetric  records  of  low  amplitude  sand-wave-like  features  from  ridge  crest. 
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Fig.  16. — Sidescan  and  bathymetric  record  and  grain  size  profile  of  current  iineation  with  plot  of  mean 
diameter  of  sand  fraction  of  grab  samples.  Samples  from  dark  area  consisted  of  65%  fine  shelly  gravel.  See 
Fig.  13  for  location. 
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Fig.  17. — North-south  and  east-west  components  of  bottom  currents  and  winds  at  "Z"  ridge,  measured 
with  a  Geodyne  (Savonius  rotor)  meter  with  impeller  37  cm  off  seafloor,  July  1971.  Surface  wind  data 
collected  at  Chesapeake  Light  Tower.  See  Fig.  6  for  location.  From  McHone,  1972. 
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Fig.  18. — A:  6-h  vectors  of  winds  at  the  Chesa- 
peake Light  during  November  1972.  B:  6-h  vectors 
of  current  measured  37  cm  off  the  seafloor  at 
False  Cape  by  a  Geodyne  (Savonius  rotor) 
meter.  See  Fig.  10  for  location.  C:  Speed-time 
plot  of  current  meter  record.  Height  of  vertical  bars 
indicates  percent  of  fine  sand  transport  occurred 
during  this  particular  threshold  exceedence  event; 
width  of  vertical  bars  indicates  duration  of 
threshold  e.xceedence  as  compared  with  total  trans- 
port during  duration  of  record.  Transport  is  talcen 
as  proportional  to  the  cube  of  the  velocity  in  excess 
of  threshold    See  text. 


However,  if  the  storm  nests  in  the  Middle 
Atlantic  Bight  for  an  appreciable  period  of 
time  so  that  isobars  of  atmospheric  pressure 
parallel  the  isobaths  of  the  shelf  surface 
(scale-matching  storm),  then  the  winds  blow 
down  the  arc  o+"  he  shelf.  Landward  Ekman 
transport  of  suria.e  water  results  in  40  to  60 
cm  of  coastal  setup,  and  strong  geostrophic 
coupling  between  wind  and  water  results. 
Coherent  southward  water  transport  with 
mid-depth  velocities  in  excess  of  35  cm/sec 
may  be  sustained  for  hours  or  days.  Boicourt 
and  Hacker  (1976)  have  examined  in  some 
detail  the  barotropic  response  of  the  water  col- 
umn in  the  study  area  to  strong  northerly  wind 
forcing  during  the  storm  of  February  3-5, 
1974.  The  most  notable  feature  is  a  "wind- 
driven  outflow  surge  of  low  salinity  water 
from  Chesapeake  Bay  which  forms  a  south- 
ward flowing,  high  velocity  jet  along  the  Vir- 
ginia and  North  Carolina  Coast." 


In  addition  to  the  strong  downshelf  flow, 
Boicourt  and  Hacker  observed  cross-shelf 
components  of  velocity  up  to  13  cm/sec.  These 
are  larger  than  necessary  to  account  for  setup 
against  the  coast,  and  suggest  a  return  flow 
"perhaps  in  a  bottom  Ekman  layer."  How- 
ever, Boicourt  and  Hacker's  current  meter 
array  was  not  sufficiently  dense  to  show 
whether  or  not  such  a  bottom  flow  did  in  fact 
exist. 

Boicourt  and  Hacker  further  report  that 
periods  of  strong  southerly  wind  result  in  a 
reversal  of  this  pattern  with  somewhat  weaker 
northward  flow  with  an  offshore  component  at 
the  surface  and  mid-depth,  and  intrusion  of 
cold  slope  water  along  the  bottom  near  the 
shelf  edge. 

Wintertime  observations  in  the  False  Cape 
ridges  have  allowed  us  to  calculate  the  re- 
sponse of  the  shelf  floor  to  strong  wind  events 
(Fig.  18).  No  true  scale-matching  storms,  as 
described  above,  occurred  during  this  period. 
However,  the  study  area  was  repeatedly  sub- 
ject to  strong  northwest  winds  resulting  in 
southward  and  slightly  onshore  bottom  cur- 
rents. Periods  of  peak  wind  speed  resulted  in 
exceedence  of  the  band  of  velocities  of  which 
successive  sand  classes  became  entrained 
(under  shallow  shelf  conditions  16-35  cms/sec; 
see  Gadd  et  al.,  in  press).  Sediment  was  en- 
trained for  10%  of  the  30-day  observation 
period. 

Fluid  power  applied  to  the  sea  floor  during 
threshold  exceedence  and  the  resulting  sedi- 
ment discharge  (^)  may  be  calculated  accord- 
ing to  the  relationship: 


_    3.46  X  10"=^ 


t 


-    [  (C/,00- 

J  0 


Unfuum  dt 


where  Umo  is  the  speed  (cm/sec)  at  100  cm  off 
the  bottom,  Un  is  threshold  speed,  u  uw  is  a  unit 
vector,  and  T  is  the  duration  of  threshold  ex- 
ceedence (Gadd  et  al.,  in  press).  Application  of 
this  equation  to  the  data  of  Fig.  18  indicates 
an  average  rate  of  sediment  transport  of  4 . 1 7  x 
10^^  gm/cm/sec  towards  the  southwest  (200°). 

Inshore  Region 

The  hydraulic  regime  and  substrate  re- 
sponse in  the  vicinity  of  the  innermost  False 
Cape  ridge  ("A"  ridge,  Fig.  3)  is  of  particular 
interest.  The  floor  of  the  Virginia  inner  shelf 
has  been  created  by  the  process  of  erosional 
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Fig.  19. — Superimposed  profiles  of  the  nearshore  end  of  "A"  ridge.  From  McHone,  1972. 


shoreface  retreat  (see  Swift,  1976)  during  the 
Holocene  transgression,  and  is  a  progressively 
younger  surface  as  the  shoreline  is  ap- 
proached. The  innermost  sand  ridges  are 
therefore  most  probably  in  a  state  of  active 
formation,  or  are  the  ridges  that  have  most 
recently  been  in  such  a  state.  "A"  ridge  may  be 
traced  as  far  as  the  3  m  contour  over  most  of 
its  length  and  maintains  3  to  4  m  of  relief  in 
water  less  than  12  m  deep.  It  is  difficult  to  see 
how  such  a  pile  of  loose  sand  would  survive  in 
the  energetic  nearshore  environment  unless 
the  pattern  of  coastal  flow  is  serving  to  ac- 
tively maintain  it. 

In  this  shallow  water,  it  becomes  necessary 
to  consider  the  role  of  shoaling  and  breaking 
waves  in  ridge  formation.  Wave-built  sub- 
marine sand  bars  similar  in  height  to  the  near- 
shore  southern  end  of  "A"  ridge  may  occur  in 
similar  depths  of  water  (see  discussions  in 
Schwartz,  1972).  Such  bars  form  at  the  break- 
point where  oscillatory  wave  surge  is 
downgraded  to  turbulence,  and  sand  is  no 
longer  moved  landward  in  response  to  the 
more  intense  landward  stroke. 


The  wave  climate  of  the  Virginia  coast  is 
appropriate  for  a  response  of  this  scale  since 
breaking  waves  occur  at  the  depth  of  the  inner 
crest  of  "A"  ridge  between  1  and  10%  of 
the  time  (McHone,  1973).  The  inner  ridge  has 
in  fact  the  morphologic  characteristics  of  a 
wave-built  bar,  in  that  the  inner  side  slopes 
more  steeply  than  the  outer  side  (Fig.  19). 
Also,  the  ridge  extends  a  distance  of  one-third 
water  depth  above  the  smooth  profile,  and  the 
trough  extends  a  distance  of  one-third  water 
depth  below  it.  King  and  Williams  (1949)  and 
King  (1972),  who  have  modeled  breakpoint 
bars,  have  reported  that  as  bars  build  to  equili- 
brium (condition  in  which  bars  display  imper- 
ceptible motion;  Keulegan,  1948),  their  crests 
approach  a  height  of  one-third  water  depth 
above  the  original  profile.  The  nearshore  por- 
tion of  "A"  ridge  thus  has  the  response  charac- 
teristics of  a  breakpoint  bar.  The  implication  is 
that  "A"  ridge  is  at  least  partly  wave-built  from 
material  excavated  from  troughs.  This  hy- 
pothesis would  require  that  the  building  process 
continues  until  the  water  column  over  the  bar  is 
so  thin  and  the  turbulence  of  breaking  waves  is 
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so  intense  that  no  further  growth  can  occur, 
and  that  this  equiUbrium  occurs  when  the  orig- 
inal depth  is  decreased  by  one-third. 

However,  "A"  ridge  cannot  be  completely 
explained  as  a  wave-built  bar.  Its  orientation 
is  wrong;  wave-built  bars  parallel  the  beach, 
or  if  oblique  to  it,  are  oriented  so  that  they 
parallel  the  wave  fronts  of  waves  from  the 
predominant  direction. (Sonu  et  al.,  1967).  At 
False  Cape  waves  from  the  northeast  predom- 
inate. "A"  ridge  is  also  too  large;  if  its  seaward 
northern  end  is  included,  it  is  larger  than  the 
breakpoint  bars  of  even  the  Pacific  Coast  of 
the  United  States  with  its  more  rigorous  wave 
climate. 

A  second  major  mechanism  for  the  con- 
struction and  maintenance  of  "A"  ridge  ap- 
pears to  be  the  storm-generated  coastal  flow 
field.  A  current  meter  station  was  occupied  on 
September  10  and  11,  1970  for  28  h  in  10 
m  of  water  in  the  innermost  False  Cape  trough 
between  the  "A"  ridge  and  the  beach  (Fig.  20). 
The  instrument  used  was  a  Bendix  Q-18  cur- 
rent meter  in  which  two  low-mass  impellers 
were  mounted  at  right  angles  to  each  other  in  a 
horizontal  plane  so  that  current  velocity  is 
sensed  by  the  impellers  from  0  to  15  cm  above 
the  seafloor.  Bottom  currents  were  averaged 
over  3  min  at  half-hour  intervals. 

Initially,  the  winds  were  out  of  the  south- 
west at  10-30  m/sec.  Bottom  currents  were  6 
cm/sec  or  less  and  were  nearly  random  in 
orientation.  Halfway  through  the  observation 
period,  a  cold  front  crossed.  The  wind  shifted 
and  approached  from  the  northeast  at  12  m/sec 
with  stronger  gusts.  Within  a  few  hours,  a 
steady,  southeast-trending  (obliquely  offshore) 
bottom  current  had  attained  a  mean  velocity 
of  15-20  cm/sec  and  persisted  through  the  turn 
of  the  tide.  After  passage  of  the  front,  seas 
built  to  2  m  height  and  peak  bottom  surge 
velocities  were  many  times  the  mean  current. 
Divers  observed  the  coarse  sand  of  the  bottom 
molded  into  current  ripples  which  migrated 
towards  the  southeast.  There  was  considerable 
shear  between  the  bottom  and  upper  water 
column;  the  wake  from  the  moored  observa- 
tion boat  streamed  down  coast  and  onshore, 
rather  than  offshore  as  the  bottom  current  was 
trending. 

Aerial  photography  during  a  similar  period 
of  northeast  winds  has  revealed  intense  turbid- 
ity on  the  inshore  side  of  the  inner  trough  and 
also  over  "A"  ridge,  with  a  tongue  of  darker. 
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Fig.  20. — Progressive  vector  diagram  from  a 
station  between  "A"  ridge  and  the  beach,  September 
10-11,  1970.  See  text  for  explanation. 


clean  water  between  (McHone,  1973).  Down 
coast  from  the  ridge,  a  rip-current-like  '^ead" 
of  turbid  water  lay  parallel  to  the  beacli,  ap- 
parently fed  by  water  flowing  over  the  base  of 
"A"  ridge.  Detailed  maps  of  the  base  of  "A" 
ridge  during  four  successive  months  reveal  the 
presence  of  a  shifting  saddle  between  the  ridge 
and  the  shoreface,  presumably  cut  by  such 
flows  (Fig.  21).  Comparison  of  the  1922  and 
1969  bathymetric  maps  reveals  that  2  to  3  m  of 
erosion  have  occurred  in  the  trough,  while  2  to 
3  m  of  aggradation  has  occurred  in  the  zone  of 
fine  sand  south  of  the  ridge  base  (Swift  et  al., 
1972b).  It  seems  possible  that  the  intense  flow 
observed  in  the  trough  between  "A"  ridge  and 
the  beach  may  be  related  to  the  coastal  jet 
described  by  Boicourt  and  Hacker  (1976;  see 
discussion  in  previous  section). 

DISCUSSION 

Formation  and  Modification  of  Massifs 

A  preceding  section  has  described  the  first 
order  morphology  of  shelf  valley  and  flanking 
massifs  as  constructed  by  the  landward  dis- 
placement of  the  ancestral  James  Estuary  dur- 
ing a  period  of  rising  sea  level  between  4,000 
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Fig.  21. — Bathymetry  at  the  landward  end  of  "A"  ridge,  False  Cape,  over  successive  months.  Stippled 
area  is  the  area  shoaler  than  5  rn  on  13  March  1971.  Navigation  by  shore-based  theodolite.  Contours  in 
meters.  From  McHone,  1972. 


and  20,000  yr  ago.  We  are  concerned  here 
with  the  extent  to  which  this  first  order  mor- 
phology is  being  modified  by  the  modern  hy- 
draulic regime,  and  the  process  by  which  such 
adjustment  occurs. 

Our  current  meter  observations  indicate 
that  current  velocities  capable  of  entraining 
sand  are  repeatedly  attained  during  a  typical 


winter  month,  and  the  orthogonal  bedform 
pattern  of  flow-parallel  current  lineations  and 
flow-transverse  sand  waves  suggests  that  the 
substrate  is  systematically  reworked  to  a  depth 
equal  to  the  height  of  the  more  common  bed- 
forms  (2  m). 

The  north  to  south  grain-size  gradient 
characteristic  of  the  massifs  (Figs.   7,  8,   11) 
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indicates  the  regional  pattern  of  sand  redistri- 
bution during  the  reworking  process.  Acceler- 
ation of  southward  bottom  flow  over  the 
northern  slopes  of  the  massifs  during  peak 
flow  events  has  resulted  in  erosion  of  the  finer 
sand  fraction  and  the  generation  of  a  coarser 
residue;  deceleration  over  the  southern  slopes 
has  resulted  in  the  deposition  of  fine  and  very 
fine  sand  on  the  southern  slopes  and  in  the 
shelf  valley.  The  pervasiv^e  southward  asym- 
metry in  the  ridge  patterns  north  and  south  of 
the  shelf  valley  (trough  axes  and  crest  lines 
climb  toward  the  south  on  both  sides)  suggests 
that  these  features  are  also  responses  to 
southward  flow,  with  troughs  cut  through  the 
upcurrent  sides  of  the  massifs  into  Pleistocene 
strata. 

However,  the  processes  operating  on  the 
north  (Virginia  Beach)  massif  must  have  dif- 
fered considerably  in  detail  from  those  operat- 
ing on  the  south  (F'alse  Cape)  massif.  The  ori- 
gin of  the  ridges  and  troughs  of  the  Virginia 
Beach  Massif  on  the  north  side  of  the  shelf 
valley  may  be  sought  by  analogy  with  the  Del- 
aware Massif  on  the  north  side  of  the  Dela- 
ware Shelf  Valley  (Swift,  1973).  Unlike  the 
Virginia  Beach  Massif,  the  Delaware  Massif 
may  be  traced  directly  into  a  modern,  active 
estuary  mouth  shoal,  and  its  origin  deduced 
from  uniformitarian  principles.  Troughs  have 
been  incised  into  the  north  side  of  the  Dela- 
ware Massif.  On  the  offshore  sector  they  are 
shore-parallel,  presumably  reflecting  the 
orientation  of  the  shore-parallel  currents  that 
cut  them.  On  the  shoal  within  the  mouth  of 
Delaware  Bay,  however,  the  troughs  and 
ridges  are  responses  to  the  reversing  tide,  and 
are  oriented  normal  to  the  regional  trend  of  the 
shoreline.  Apparently  as  each  segment  of  es- 
tuary shoal  entered  the  shelf  environment  dur- 
ing the  Holocene  transgression  and  became 
part  of  the  Delaware  Massif,  the  tidal  channels 
rotated  to  the  new  orientation  or  were  filled 
in  and  replaced  by  others. 

The  ridges  and  troughs  of  the  Virginia 
Beach  Massif  may  have  been  formed  accord- 
ing to  this  scenario.  However,  the  shoreface- 
connected  ridges  of  the  False  Cape  sector  are 
more  nearly  analogous  to  the  shoreface- 
connected  ridges  of  the  Delaware-Maryland 
coast,  where  there  appears  to  be  no  close  rela- 
tionship between  ridge  groups  and  former  es- 
tuary mouths  (Duane  et  al.,  1972;  Swift  et  al., 
1974).    On  the  Delaware-Maryland  coast, 


ridges  appear  to  be  forming  at  the  foot  of  a 
shoreface  undergoing  erosional  retreat  in  re- 
sponse to  periods  of  intense  flow  during 
"northeaster"  storms.  The  ridges  may  be  seen 
in  all  stages  of  formation  and  detachment  from 
the  retreating  shoreface.  An  array  of  parallel, 
free-standing  ridges  extends  seaward  for  30 
km  across  the  Delaware-Maryland  shelf  and 
appears  to  represent  a  history  of  shoreface  re- 
treat and  ridge  detachment  over  several  mil- 
lenia.  The  False  Cape  ridges  would  similarly 
appear  to  be  an  evolutionary  sequence  of 
ridges,  with  "A"  ridge  the  newest  and  "C" 
ridge  the  oldest  (Fig.  3). 

The  mechanics  of  ridge  formation  are  poorly 
understood.  While  the  False  Cape  ridges  and 
the  Virginia  Beach  ridges  have  arisen  under 
different  sets  of  circumstances,  they  are  very 
similar  in  terms  of  morpholog\'  and  grain-size 
patterns,  and  it  seems  probable  that  they  are 
responses  to  the  same  or  to  very  similar  hy- 
draulic mechanisms.  Any  theory  which  under- 
takes to  explain  their  formation  must  account 
for  the  following  aspects: 

1.  Shoreward  flanks  are  coarser  grained 
than  seaward  flanks  and  tend  to  have 
gentler  slopes. 

2.  Sand  waves  on  their  crests  are  not  truly 
orthogonal,  but  are  inclined,  indicating 
that  during  the  responsible  flow  events 
there  is  an  offshore,  cross- ridge  compo- 
nent of  flow  as  well  as  a  stronger  south- 
ward, ridge-parallel  component  of  flow. 

3.  Trough  and  crest  axes  shoal  to  the  south 
at  angles  of  20-35°  with  the  beach  and 
the  regional  trend  of  the  isobaths. 

Bedforms  are  responses  to  patterns  of 
rhythmic  boundary  instability  that  arise  in 
sheared  flow  (Allen,  1968,  p.  50;  Wilson,  1972, 
p.  209;  Jackson,  1975).  An  analytical  model 
for  the  generation  and  maintenance  of  small- 
scale  (current  ripples)  and  medium-  and 
large-scale  (sand  waves)  current-transverse 
bedforms  has  been  presented,  in  which  the 
bedforms  are  maintained  by  a  phase  lag  be- 
tween bottom  shear  stress  and  bottom  topog- 
raphy (Smith,  1970).  No  such  analytical  model 
exists  at  present  for  the  medium-scale  (current 
lineations)  and  large-scale  (sand  ridges) 
current-parallel  bedforms.  Numerical  and  ex- 
perimental studies  (Faller  and  Kaylor,  1966; 
Faller,  1962,  1971;  Gammelsrod,  1975) 
suggest  that  the  shelf  flows  of  the  scale  and 
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character  described  by  Boicourt  and  Hacker 
(1976;  see  previous  discussion)  may  be  subject 
to  a  flow  structure  in  which  flow-parallel 
zones  of  downwelling  and  bottom  current  di- 
vergence alternate  with  flow-parallel  zones  of 
upwelling  and  bottom  current  convergence. 
The  result  is  a  series  of  flow-parallel  helical 
cells  of  alternating  right-  and  left-hand  sense  of 
rotation.  If  such  flow  structure  does  occur  on 
the  Virginia  Shelf,  then  deflation  zones  such  as 
those  in  Fig.  15 A  may  be  formed  by  zones  of 
downwelling  and  bottom  divergence,  and  may 
localize  such  zones  through  successive  storms. 

Both  the  sand  wave  and  the  helical  flew 
models  appear  to  have  some  value  in  account- 
ing for  the  observed  characteristics  of  sand 
ridges.  The  texture  and  morphologic  asym- 
metry of  a  typical  sand  ridge  cross  section  is 
also  characteristic  of  the  cross  section  of  a 
flow-transverse  sand  wave  and  indicates  that 
the  ridges  are  reacting  as  sand  waves  to  the 
cross-ridge  component  of  flow.  Sand  waves 
experience  maximum  flow  acceleration  and 
shear  stress  on  the  upcurrent  flanks;  wave 
crests  and  downcurrent  flanks  experience  de- 
celerating flow.  As  a  consequence,  upcurrent 
flanks  are  coarse-grained  eroding  surfaces, 
while  crests  and  downcurrent  flanks  are  suc- 
cessively finer  grained,  depositional  surfaces 
(Smith,  1970). 

Flow  appears  to  trend  obliquely  across  the 
sand  ridges,  while  in  sand  wave  theory,  flow  is 
normal  to  sand  waves.  However,  recent 
studies  by  Furness  (1976)  have  shown  that 
sand  waves  may  be  oriented  obliquely  to  flow 
if  there  is  a  cross-flow  speed  gradient.  The 
sand  wave  becomes  sheared  out  with  the  crest 
further  downstream  on  the  fcister  side  of  the 
flow.  Thus  the  seaward  decrease  in  velocity 
observed  by  Boicourt  and  Hacker  (1976,  see 
previous  discussion)  on  the  seaward  side  of  the 
storm-induced  coastal  jet  might  result  in  the 
observed  skew  of  sand  ridges  with  respect  to 
the  characteristically  southward  storm  flow 
over  the  centuries  required  for  the  formation 
of  a  shoreface-connected  sand  ridge  (J.  C. 
Ludwick,  personal  communication).  If  this 
model  is  applicable,  the  ridges  are  induced  in 
the  nearshore  zone  by  the  jetlike  flows  that 
occur  during  storms  and  are  left  behind  as  the 
water  column  deepens  and  the  shoreline  re- 
cedes in  response  to  the  post-Pleistocene  rise  in 
sea  level.  The  sand  waves  on  the  crests  and 
flanks  of  ridges  that  now  lie  kilometers  sea- 


ward of  the  formative  zone  would  constitute 
the  response  of  the  ridge  surface  to  the  present 
flow  regime. 

The  skew  of  sand  ridge  orientation  with  re- 
spect to  flow  is  also  compatible  with  helical 
flow  theory;  flow  cell  orientation  may  be  in- 
clined across  the  mean  flow  direction  (Faller, 
1962;  Gammelsrod,  1975).  If  this  model  is  ap- 
plicable, then  the  sand  ridges  may  result  from 
the  interaction  of  a  broad  cross  section  of  the 
shelf  floor  with  cellular  storm  flow  over  many 
thousands  of  years.  Sand  ridges  and  the  sand 
waves  superimposed  on  them  would  be  re- 
sponses to  the  same  flew  regime,  although  at 
different  temporal  and  spatial  scales. 

At  present  neither  scheme  provides  an  en- 
tirely satisfactory  model  for  ridge  formation. 
The  problem  will  only  be  solved  by  a  program 
of  detailed  hydraulic  observation  coupled  with 
a  more  advanced  understanding  of  geophysi- 
cal boundary  layers. 

Our  observations  allow  us  to  conclude  that 
the  old  estuary  mouth  topography  of  the 
southern  Virginia  shelf  has  been  modified  dur- 
ing later  stages  of  the  Holocene  transgression, 
primarily  by  the  incision  of  a  ridge  and  swale 
topography  on  the  Virginia  Beach  Massif,  and 
by  the  serial  growth  of  a  sequence  of 
shoreface-connected  ridges  at  False  Cape. 
Ridge  morphology  and  grain  size  distribution 
suggest  that  both  sets  of  ridges  are  responses  to 
the  same  or  similar  hydraulic  mechanisms. 
Our  observations  provide  constraints  that  this 
mechanism  must  comply  with,  but  are  not  suf- 
ficient to  lead  us  to  a  complete  and  unique 
solution.  Such  a  solution  will  require  a  pro- 
gram of  direct  measurement  of  flow  in  which 
boundary  flow  patterns  are  resolved. 
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The  growing  use  of  nuclear  power  as  an  energy  source  is 
causing  accumulation  of  radioactive  nuclear  wastes  in  temporary 
repositories  (Bethe  1976).  Permanent  disposal  of  these  waste 
materials  awaits  the  designation  of  storage  areas  where  the 
wastes  will  have  the  least  effect  upon  the  environment  while  the 
longest  lived  radionuclides  (specifically  plutonium)  decay  to 
acceptable  levels.  The  suitability  of  an  area  for  permanent  stor- 
age depends  upon  the  effectiveness  of  physical,  chemical,  and 
biologic  barriers  in  restraining  the  migration  of  the  nuclides  into 
the  biosphere  for  about  250.000  years. 

Several  geologic  environments  on  the  continents  and  in  the 
ocean  basins  have  been  suggested  as  potential  permanent  dispos- 
al sites.  These  include  bedded  salt  deposits  underKing  certain 
continental  areas  and  the  marginal  deep-sea  trenches  that  partial- 
ly surround  the  Pacific  Ocean  basin.  Recently,  the  regions  receiv- 
ing the  most  attention  have  been  the  abyssal  hills  submarine 
physiographic  provinces  in  the  mid-crustal  plate,  mid-oceanic 
circulation  gyre  regions  of  the  North  Atlantic  and  North  Pacific 
ocean  basins  (Bishop  and  Hollister  1974).  The  purpose  of  this 
paper  is  to  demonstrate  that  oceanic  fracture  zones  provide  an 
effective  combination  of  physiographic,  sedimentary,  biologic. 
and  oceanographic  barriers  to  nuclear  waste  dispersal. 

Fracture  zones  of  the  Atlantic  Ocean  basin  are  physiographi- 
cally  well  developed  and  have  been  better  studied  than  those  in 
the  other  oceans.  They  are  also  closest  to  the  major  producers  of 
radioactive  waste.  The  arguments  we  use  for  the  use  of  fracture 
zones  in  the  Atlantic  may  apply  as  well  to  those  areas  of  the 
Pacific  Ocean  and  Indian  Ocean  where  similar  features  e.xist. 


ABSTRACT    Disposal  of  radioactive  waste  in  the  sea  floor  of  fracture 
zones  associated  vi/lfh  the  flanks  of  the  MId-AtlantIc  Ridge  may  be  a 
satisfactory  alternative  to  land  disposal.  Effective  physiographic, 
sedimentary,  chemical,  and  oceanographic  barriers  exist  In  these 
aselsmic  deep  canyons,  especially  In  the  eastern  Atlantic.  In  addition, 
the  major  producers  of  radioactive  wastes  are  likely  to  be  near  the 
Atlantic  Ocean  If  such  a  disposal  strategy  Is  adopted.  Intensive  study 
of  the  sedlmentologic  and  oceanographic  properties  of  oceanic 
fracture  zones  will  be  necessary. 


Environmental  Viewpoint 

Occasionally  we  receive  a  short  paper  in  which  an  author  expresses 
a  controversial  opinion  or  hypothesis  which  has  both  scientific  meril  and 
important  environmental  implications,  but  for  v^hich  adequate  data  may 
not  exist  to  prove  or  disprove  validity.  We  believe  that  such  views  should 
be  presented  for  scientific  examination  and  discussion.  Therefore.  «e  will 
publish  a  few  of  these  papers  as  part  of  a  new  section  entitled  Eiuiion- 
meniiil  \ie»poini.  Well-documented  rebuttals  to  these  viewpoints  will  be 
reviewed  by  the  editorial  board  and  published  at  the  editors  discretion. 
.Ml  articles  and  opinions  published  in  this  section  represent  the  views  of 
the  authors  and  are  not  necessarily  those  of  Environmcnia!  Geology  or  of 
Springer-Verlag 


The  Barriers 

Physiographic  barriers 

Fracture  zones  are  the  major  transverse  structures  of  ocean 
basins  and  may  extend  across  the  entire  w  idth  of  an  ocean  basin. 
The  effectiveness  of  fracture  zones  as  physiographic  barriers  to 
nuclear  waste  dispersal  derives  from  their  topographic  relief. 
degree  of  topographic  closure,  and  tectonic  stabilits .  Major  frac- 
ture zones  like  the  Atlantis  Fracture  Zone  (Fig.  1)  transect  the 
Mid-Atlantic  Ridge  at  spacings  of  about  100  km  in  the  Nonh 
Atlantic  and  South  Atlantic  ocean  basins.  The  major  fracture 
zones  exhibit  a  canyon-like  profile  attaining  floor  widths  of  about 
10  km  and  wall  relief  up  to  several  kilometers  vv  here  they  transect 
the  Mid-Atlantic  Ridge  crest  in  the  central  third  of  the  .Atlantic. 
The  topographic  relief  of  a  typical  fracture  zone  progressively 
decreases  away  from  the  crustal  region  of  the  Mid-.Atlantic 
Ridge.  This  is  thought  to  be  due  to  crustal  subsidence  as  a 
function  of  increasing  crustal  age  and  consequent  burial  beneath 
sediments  of  the  continental  margin.  .Although  fracture  zones 
may  form  linear  structures  apparenth  continuous  for  hundreds  to 
thousands  of  kilometers  across  an  ocean  basin,  they  are  actualK 
segmented  along  their  lengths  both  by  en  echelon  offsets,  as 
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Figure  1.  Location  of  the  Atlantic  Fracture  Zone.  The  dated  core 
showing  slumping  is  marked,  TAG  71  -SE.  and  the  topographic  cross 
section  IS  at  right  angles  to  the  trend  of  the  fracture  zone  at  this 
site. 

shown  by  the  Atlantis  Fracture  Zone  (Fig.  i|  and  by  transverse 
structures  that  breach  the  walls  of  the  fracture  zones. 

The  tectonic  stability  of  fracture  zones  varies  along  their 
lengths.  Evidence  from  earthquake  seismology  indicates  that 
fracture  zones  are  seismically  active  along  that  small  fraction  of 
their  length  that  offsets  the  axis  of  an  oceanic  ridge  and  otherwise 
are  almost  inactive  outside  the  zone  of  ridge-ridge  offset  (Sykes 
1967).  The  distribution  of  seismic  activity  indicates  that  fracture 
zones  are  tectonically  active  within  the  zone  of  ridge-ridge  offset, 
usually  a  length  less  than  100  km.  and  are  tectonically  inactive 
along  the  greater  portion  of  their  length  outside  this  zone.  Excep- 
tions to  tectonic  stability  may  exist  where  fracture  zones  lie  along 
lithospheric  plate  boundaries,  such  as  in  the  Equatorial  Atlantic 
(Harrison  and  Ball  1973),  or  where  they  intersect  active  fault 
systems  at  continental  margins. 

Various  physiographic  features  of  fracture  zones,  including 
topographic  relief,  degree  of  topographic  closure,  and  tectonic 
stability  provide  partial  physical  barriers  to  the  dispersion  of 
radioactive  waste.  In  addition,  these  physiographic  features  influ- 
ence sedimentary,  oceanographic,  and  chemical  conditions  that 
further  enhance  the  effectiveness  of  fracture  zones  as  disposal 
sites. 


Sedimentary  barriers 

Oceanic  fracture  zones  provide  a  sedimentary  framework  for 
relatively  rapid  burial  of  waste  materials.  The  fracture  zones 
progressively  fill  with  sediment  from  both  particle-by-particle 
deposition  and  slumping  as  they  proceed  away  from  the  crest  of 
an  oceanic  ridge.  On  the  flanks,  sediment  fill  is  probably  dominat- 
ed by  episodic  input  of  sediment  by  slumping  from  the  fracture 
zone  walls.  As  demonstrated  by  van  Andel  and  Komar  (1969), 
the  high  walls  of  fracture  zones  on  the  Mid-Atlantic  Ridge  form 
catchment  areas  for  sediment  accumulation  while  the  steepness 
of  the  walls  favors  episodic  slumping  resulting  in  ponding  of 
sediment  within  the  confines  of  the  fracture  zones.  Closer  to  the 
continental  margin,  bottom  transport  of  sediment  will  be  the 
major  means  of  filling  in  the  remaining  topographic  features. 

The  role  of  episodic  accumulation  of  sediment  by  slumping  in 
oceanic  fracture  zones  is  supported  by  evidence  from  the  Atlantis 
Fracture  Zone  where  a  piston  core  sampled  a  sediment  pile  of 
virtually  pure  calcareous  lutite  of  biogenic  origin  with  constant 
excess  --"Th  more  than  1 1  m  down  its  length  (Fig.  1.  core  TAG 
7l-.'iE:  Turekian  and  others  1972).  There  was  no  evidence  of 
burrowing  by  organisms  in  the  core.  The  inferred  slumping  event, 
which  provided  at  least  II  m  of  sediment,  may  have  occurred  in 
the  last  50,000  years  (based  on  estimates  of  total  excess  -"Th  and 
radiocarbon  age). 

Slumping  frequency  in  fracture  zone  regions  could  be  deter- 
mined by  assaying  cores  for  natural  radionuclides  with  different 
half-lives.  In  addition  to  '-"Th  (7.5,000  yr  half-life)  and  "C  (5,700 
yr  half-life),  '"'Pb  (22  yr  half-life)  and  --"Th  (1.9  yr  half-life)  could 
be  used.  The  presence  of  excesses  above  secular  equilibrium  for 
all  of  the  short-lived  nuclides,  for  example,  would  indicate  that 
slumping  occurred  less  than  10  years  ago.  Equilibrium  for  --"Th 
and  -'"Pb  but  disequilibrium  for  -"Th  would  indicate  the  slump 
occurred  more  than  100  years  ago.  This  kind  of  study  would 
reveal  the  rate  of  burial  of  the  radioactive  waste  by  natural  means 
in  particular  basins. 

Nozaki  and  others  (1977)  have  shown  that  in  a  fracttire  zone 
site  near  the  crest  of  the  Mid-Atlantic  Ridge  the  depth  of  biotur- 
bation  is  about  8  cm.  fhe  radiocarbon  and  -'"Pb  data  require  that 
the  rate  of  biological  mixing  below  that  depth  is  virtually  zero. 
This  means  that  a  layer  of  sediment  more  than  8  cm  thick 
deposited  on  a  completely  buried  capsule  will  essentially  isolate 
the  material  from  contact  by  purely  particulate  transport  with  the 
ocean-sediment  surface.  It  does  not.  of  course,  speak  to  the 
question  of  chemical  migration  through  molecular  diffusion  in 
pore  waters. 


Chemical  barriers 

If  the  adsorption  of  plutonium  can  be  modeled  roughly  after 
that  of  thorium,  lead,  and  other  heavy  metals,  then  our  knowl- 
edge of  the  geochemistries  of  these  analog  nticlides  indicates  that 
the  sediment-water  inteiface  ( up  to  several  tens  of  meters  into  the 
water  column)  should  be  an  effective  trap  for  plutonium.  The 
reasons  are  as  follows: 
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1.  Manganese  and  iron  are  released  from  the  ocean  floor  in 
this  en\  ironment  either  by  ilirect  hydrothermal  emanations  from 
the  oceanic  crust  (Scott  and  others  1974:  Rona  and  others  1976) 
or  hy  bioturhation  and  release  from  reduced  sediments  (Ku  and 
Glasb\  1972).  Under  either  condition  the  reduced  manganese  and 
iron  are  precipitated  upon  oxidation,  canning  metais  scavenged 
from  the  oceans  with  them  to  the  ocean  floor.  The  ubiquitous 
presence  of  ferromanganese  oxide  coatings  on  a  variety  of  mate- 
rials of  the  ocean  flooi"  (for  example  basaltic  rocks,  calcaieous 
tests,  man-made  materials)  indicates  the  general  nature  of  this 
scavenging. 

2.  Studies  of -'"Pb  (22  yr  half-life)  disequilibrium  in  the  deep 
ocean  uater  column  relative  to  its  parent  --'^Ra  (1.620  yr  half-life) 
indicate  that  it  is  the  most  pronounced  in  areas  of  high  productivi- 
ty and  that  generally  the  disequilibiium  in  any  pail  of  the  ocean 
increases  near  the  bottom  (Craig  and  others  1973;  Bruland  and 
others  1974;  Nozaki  and  Tsunogai  1976;  Thomson  and  Turekian 
1976;  Krishnaswami  and  others  1975;  Bacon  and  others  1976; 
Benninger  1976;  Somayajulu  and  Craig  1976).  The  latter  observa- 
tion implies  that  bottom  processes  are  even  more  effective  in 
-'"Pb  removal  from  the  ocean  than  the  remarkably  effective  water 
column.  If  this  observation  is  applicable  to  plutonium  it  reaffirms 
the  fact  that  the  water  column  as  a  whole  tends  to  be  scavenged 
of  reactive  nuclides  by  particles;  the  particles  near  the  bottom  are 
quantitatively  even  more  effective  as  scavengers.  Since  the 
ocean  bottom  is  the  source  of  nuclides  from  radioactive  waste 
deposits,  all  processes  act  as  a  restraint  to  their  upward  migration 
in  solution. 

3.  Evidence  exists  that  the  plutonium  inventory  in  deep-sea 
sediments  in  general  is  as  predicted  from  anticipated  fallout, 
irrespective  of  type  of  sediment  (Noshkin  and  Bowen  1975),  It 
thus  appears  that  sediment  rich  in  calcium  carbonate  is  as  effec- 
tive a  trap  for  plutonium  as  any  other  type.  The  reason  may  well 
be  that  ferromanganese  coatings  on  calcareous  deposits  are  ubiq- 
uitous and  act  as  effective  traps  for  other  metals. 


Oceanographic  barriers 

The  eastern  Atlantic  Ocean  is  dominated  by  North  Atlantic 
Deep  Water  admixed  with  Antarctic  Bottom  Water.  The  exact 
mechanism  of  formation  is  not  well  worked  out.  On  the  basis  of 
non-conservative  chemical  property  distributions  in  the  eastern 
and  western  basins  it  is  evident  that  the  residence  time  of  water 
in  the  eastern  is  longer  than  in  the  western  basin.  As  eastern  basin 
waters  are  returned  to  the  western  basin  they  begin  their  major 
journey  around  the  deep  oceans.  Thus  on  the  average,  the  length 
of  time  between  release  of  a  substance  to  the  ocean  bottom  in 
the  eastern  Atlantic  and  its  arrival  at  the  surface  will  be  one  of 
the  longest  in  the  ocean  system,  perhaps  a  thousand  years. 

The  time  required  for  the  wandering  of  a  water  parcel  from  the 
deep  ocean  bottom  to  the  ocean  surface  provides  a  barrier  to  the 
release  of  plutonium  to  the  surface  where  it  would  be  a  concern 
to  man.  The  travel  time  for  the  water  parcel  provides  an  addition- 


al barrier  should  any  radioactive  substance  escape  from  a  con- 
tainer, from  the  sediment,  and  from  the  sedimcni-w  ater  inteiface 
(all  events  of  low  probability). 


A  Strategy  for  Radioactive  Waste  Disposal 
in  the  Deep  Ocean 


If  the  oceans  are  to  be  considered  as  a  repository  for  the 
growing  buiden  of  radioactive  wastes  that  will  accompany 
increasing  dependence  on  nuclear  reactors,  then  oceanic  fracture 
zones,  and  particularly  those  of  the  eastern  Atlantic,  should  be 
considered  as  potential  disposal  sites.  The  particular  propeilies 
that  make  them  effective  as  potential  radioactive  waste  disposal 
sites  include  the  combination  of  physiographic,  sedimentary. 
chemical,  and  oceanographic  barriers  described  above.  In  addi- 
tion, the  proximity  of  the  sites  to  the  major  power  users  is  a 
convenience. 

The  following  strategy  is  pi'oposed  for  radioactive  waste  dis- 
posal in  the  fiacture  zones  of  the  eastein  Atlantic  Ocean; 

1.  The  major  pioducers  of  radioactive  wastes  in  the  near 
futuie  are  likely  to  be  from  countries  aiound  the  Atlantic  Ocean 
basin.  Therefore,  on  proximity  principles  the  Atlantic  Ocean 
basin  rates  high  as  a  repository. 

2.  The  eastern  Atlantic  is  freer  from  strong  western  boundary 
ciMients  that  would  tend  to  disperse  and  erode  sediment  piles.  It 
is  also  the  closest  thing  to  a  young  ml  dc  mu  for  deep  ocean 
waste.  Leakage  from  the  deep  to  the  ocean  surface  requires  the 
longest  mean  time  of  all  deep  oceanic  areas.  For  example,  the 
deep  water  in  the  North  Pacific  (being  the  "oldest"  water)  can  be 
expected  to  leturn  to  the  shallower  parts  of  the  ocean  more 
quickly  than  the  deep  water  in  the  noitheast  Atlantic  Ocean. 

3.  The  fractme  zones  outside  the  ridge-ridge  offset  of  the 
Mid-Atlantic  Ridge  are  almost  inactive  seismically.  Thus,  mate- 
I'ials  deposited  in  the  sediments  are  not  likely  to  be  disrupted  by 
tectonic  instability.  Indeed,  if  disruptions  should  i)ccin  they  are 
more  likely  to  add  more  sediment  cover. 

4.  Slumping  from  adjacent  highlands  is  known  to  provide  a 
great  deal  of  sediment  to  the  deeper  parts  of  the  fractme  zones. 
Most  of  this  material  is  biogenic  calcium  carbonate. 

5.  Manganese  and  iron  in  leduced  form  fiom  biogenic  or 
hydrothermal  sources  are  oxidized  and  flocculate  near  the  ocean 
bottom  to  form  ferromanganese  oxide  concretions  and  coatings. 
This  process  acts  to  scavenge  -'"Pb.  the  thorium  isotopes,  and 
some  heavy  metals,  and  can  be  expected  to  prevent  the  escape  of 
any  plutonium  that  has  managed  to  reach  the  sediment-water 
boundary  in  solution. 

6.  Thus  containeis  of  solid  radioactive  wastes  that  are  encap- 
sulated to  suj-vive  mechanical  or  corrosive  rupture  for  se\eial 
hundred  years  can  be  completely  buried  in  the  sediments  of  a 
fracture  zone  (such  as  the  eastern  end  of  the  .Atlantis  Fiacture 
Zone).  .Any  plutonium  released  to  inteistitial  solution  on  later 
disruption  of  the  container  would  be  constrained  h\  the  geochem- 
ical  barriers  of  the  sediment-water  inteiface.  Should  any  pluto- 
niLim  escape  through  this  seveie  barrier  it  could  spend  as  much  as 
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a  thousand  years  in  the  deep  ocean  during  its  ineluctable  transfer 
from  ocean  to  ocean. 

This  strategy  requires  more  intensive  study  of  the  sedimento- 
iogic  and  oceanographic  properties  of  fracture  zones.  Such  stud- 
ies should  include  the  stochaslics  of  sediment  slumping  process- 
es, the  leakage  of  deep  water  out  of  the  "box  canyons  '  of  the 
fracture  zones  through  unmapped  sills,  and  the  special  geochemi- 
cal  processes  at  the  sediment-water  interface  which  cause  the 
distribution  and  precipitation  of  iron  and  manganese  as  heavy 
metal  scavengers. 
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ABSTRACT 

Young,  R.A.,  1977.  Seaflume:  a  device  for  in-situ  studies  of  threshold  erosion  velocity 
and  erosional  behavior  of  undisturbed  marine  muds.  Mar.  Geol.,  23:  Mil— Ml 8 

A  self-contained  sea-going  flume  has  been  designed  for  use  in  sediment  transport 
studies  on  the  sea  floor.  Bottom  sediment  behavior  and  flow  velocity  resulting  from  water 
pumped  through  the  flume  are  recorded  photographically  to  obtain  estimates  of  threshold 
erosion  velocity  and  modes  of  erosion.  Precision  and  accuracy  of  estimated  threshold 
velocities  for  muddy  marine  sediments  are  found  to  be  as  good  or  better  than  those  previ- 
ously obtained  by  other  field  or  laboratory  techniques. 


INTRODUCTION 

A  problem  encountered  by  many  marine  geologists  is  the  sparcity  of  reliable 
estimates  of  threshold  erosion  velocities  for  muddy  marine  sediments.  Labora- 
tory studies  alone  cannot  provide  reliable  estimates  because  the  field  sampling 
process  itself  may  change  the  erosion  resistance  of  the  sediment  through  small 
alterations  in  those  physicjil  properties  related  to  erosion  resistance.  This  effect 
was  alluded  to  in  the  laboratory  experiments  of  Postma  (1962,  1967)  where 
changes  of  5%  or  less  in  water  content  of  an  estuarine  mud  caused  the  threshold 
erosion  velocity  to  increase  by  a  factor  of  1.5—2.0.  In  addition,  the  highly  com- 
plex electrochemical  nature  of  the  interparticle  bonds  and  organic  binding 
which  are  mainly  responsible  for  erosion  resistance  in  muddy  sediments  (Van 
Olphen,  1966)  makes  theoretical  calculations  of  threshold  velocity  impossible 
for  nearly  all  cases  of  practical  importance.  Therefore,  it  appears  that  the  most 
reliable  estimates  of  threshold  velocities  for  marine  muds  will  be  obtained  from 
direct  observations  of  erosion  processes  and  bottom  currents  on  the  sea  floor. 


*Present  address:  National  Oceanic  and  Atmospheric  Administration,  Atlantic  Oceanographic 
and  Meteorological  Laboratories,  Marine  Geology  and  Geophysics  Laboratory,  15  Ricken- 
backer  Causeway,  Miami,  Fla.  33149  (U.S.A.). 
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In  both  shallow  and  deep  environments,  natural  erosion  processes  can  be 
aperiodic  thereby  necessitating  long  observation  periods,  and  flow  structure 
in  the  bottom  boundary  layer  can  be  complex  and  highly  variable.  For  example. 
Sternberg  (1970)  determined  that  a  uniform  semilogarithmic  velocity  distribu- 
tion was  present  in  less  than  half  of  the  measurements  made  by  him  in  both 
deep  £ind  shallow  marine  boundary  layers.  During  other  times,  Sternberg 
noted  that  the  velocity  distribution  was  irregular  and  could  not  be  described 
by  known  flow  laws.  Thus,  in  many  instances,  estimation  of  a  characteristic 
threshold  erosional  velocity  could  require  long  observation  times  to  ensure 
sufficient  observations  of  the  infrequently  well-behaved  boundary  layer.  For 
some  studies  a  long  time  series  encompassing  several  erosional  events  at  a 
single  location  is  desirable,  but  for  many  studies  a  single  rapid,  but  reliable, 
measurement  of  threshold  velocity  made  under  the  control  of  the  observer 
would  be  more  desirable. 

THESEAFLUME 

The  SEAFLUME  is  a  sea-floor  flume  designed  to  study  erosion  of  undis- 
turbed muddy  sediments  under  controlled  flow  conditions.  Sea-going  flumes 
of  other  designs  have  been  used  previously  but  primarily  for  experimentation 
in  shallow  waters.  Neumann  et  al.  (1970)  used  a  2  m  long,  hand-operated  sea- 
going flume  (described  by  Scoffin,  1968)  in  2—4  m  of  water  in  Abaco  Sound, 
Bahama,  to  investigate  the  binding  effects  of  algal  mats  on  carbonate  sedi- 
ments. Sedimentary  environments  which  could  be  studied  using  their  flume 
were  limited,  since  flow  velocity  and  the  criteria  for  sediment  entrainment 
were  obtained  from  visual  observations  made  by  SCUBA  divers.  A  much  smal- 
ler sea-going  flume  was  used  by  SCCWRP  (1975)  to  estimate  erosion  velocities 
of  coastal  muds  off  southern  California.  Apparently  only  very  crude  estimates 
of  threshold  velocities  can  be  made  with  this  instrument,  since  the  channel 
length  of  this  flume  does  not  appear  sufficient  to  allow  damping  of  turbulent 
entrance  effects  or  full  development  of  the  boundary  layer. 

Channel 

The  SEAFLUME  is  basically  an  open-bottomed  rectangular  duct  with  a 
sloping,  open-mouthed  entrance  section,  and  a  straight  observation  section 
(Fig.l).  The  channel  is  4  m  long  and  has  a  15  cm  by  61  cm  cross-section.  The 
sloping  entrance  section  is  designed  so  that  when  flow  reaches  the  threshold 
for  erosion  in  the  observation  section,  it  is  still  sub-threshold  in  the  entrance 
section.  This  minimizes  the  possibly  confusing  effects  of  erosion  and  transport 
of  sediments  from  the  entrance  section  into  the  observation  section  during  the 
critical  time  when  erosion  is  just  beginning. 
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Fig.l.  A  photograph  of  SEAFLUME  being  deployed  at  sea.  The  flanges  along  the  duct  wall 
and  plywood  sheet  under  the  pump  chamber  provide  sufficient  bearing  surface  to  allow 
penetration  of  the  channel  to  a  design  depth  of  1  cm. 


Pump,  panel-valve  and  batteries 

A  by-pass  panel  valve  on  the  bulkhead  between  the  pump  chamber  and  the 
observation  section  controls  discharge  inside  the  duct.  A  sliding  panel,  slov^^ly 
slides  off  the  opening  on  the  bulkhead  betv^^een  the  duct  and  the  pump  cham- 
ber while  simultaneously  closing  an  opening  in  the  bulkhead  leading  to  the 
exterior  of  the  pump  chamber.  The  panel  is  driven  by  a  slow-speed  DC  step- 
ping motor  enclosed  in  an  oil-filled  pressure-compensated  housing.  This 
design  allows  the  pump  to  achieve  its  most  efficient  discharge  potential.  A 
cast-iron  propeller  pump  with  bronze  bearings  is  used  which  produces  a  dis- 
charge of  approximately  900  gal/min  (3,400  1/min)  at  1150  rpm  (Byron- 
Jackson,  Model  8  DL).  A  separate  oil-filled  housing  encloses  a  0.75  HP  DC 
motor  which  drives  the  pump.  This  case  is  vented  to  allow  escape  of  gases 
produced  by  brush  arcing  and  is  connected  to  an  oil-filled  flexible  bladder 
for  pressure  compensation. 

Power  for  the  pump  and  panel  motors  is  provided  by  a  pair  of  6-volt  DC 
batteries  connected  in  series  and  enclosed  in  an  oil-filled  pressure-compensated 
fiberglass  box. 


1013 


M14 


Camera  system 

Close-up  photography  is  the  principal  means  of  observing  the  erosional 
behavior  of  the  sediments.  A  portion  of  the  sea  floor  of  approximately  15  cm^ 
is  photographed  every  5—15  sec  by  an  E.G.&  G.  35-mm  deep-sea  camera.  The 
camera  is  mounted  parallel  to  the  duct  top.  and  the  sediments  are  photographed 
through  the  transparent  top  by  means  of  a  45°  mirror  mounted  on  the  lens  port 
of  the  camera  (see  Fig.l).  Light  is  provided  by  an  E.G.  &  G.  100  watt-sec  strobe 
reflected  by  a  mirror  through  the  side  wall  of  the  duct  to  produce  low-angle 
side-lighting.  Although  light  distribution  is  somewhat  uneven,  apparent  relief 
of  the  sea  floor  is  enhanced  by  side  lighting  and  modifications  of  features  as 
small  as  500  pim  can  be  discerned.  Approximately  400  frames  can  be  taken 
during  each  experiment  with  standard  100-foot  film  rolls. 

FIELD  METHODS 

The  SEAFLUME  is  presently  configured  horizontally  for  lowering.  A  tripod 
is  used  for  this  purpose  (Fig.l).  The  standard  procedure  is  to  wind  a  length 
equal  to  1.5  times  the  v/ater  depth  of  5/8  inch  (1.6  cm)  nylon  rope  onto  the 
winch,  attach  and  slowly  lower  the  flume  to  the  bottom,  then  quickly  unwind 
the  remaining  rope,  attach  a  small  surface  float,  and  cast  it  free.  This  ensures 
complete  uncoupling  of  ship's  motion  from  the  flume.  The  reliability  of  this 
procedure  was  verified  by  the  direct  observation  of  divers  during  testing  and 
the  initial  field  experiments. 

A  mercury  tilt  switch  senses  bottom  contact  and,  after  a  15  sec  time  delay, 
two  relays  are  actuated  which  turn  on  the  pump  and  panel-valve  motors  and 
start  the  camera  system.  The  panel-valve  motor  turns  off  automatically  after 
completely  opening  the  panel-valve,  but  the  pump  motor  and  camera  turn  off 
only  when  the  flume  is  raised  off  the  bottom.  Battery  voltage,  rate  of  panel- 
valve  opening,  and  interval  between  film  frames  determine  maximum  length 
of  each  run  which  ranges  from  30  to  45  minutes. 

FLOW  VELOCITY 

A  ballasted  nylon  sphere  (diameter  =1.6  cm)  suspended  on  a  thin  nylon 
line  in  the  field  of  view  of  the  camera  was  used  to  measure  flow  velocity  in- 
side the  duct.  Such  simple  devices  previously  have  been  used  with  success  to 
measure  currents  in  the  deep  sea  (Bruce  and  Thorndike,  1967).  Horizontal 
deflection  of  the  sphere  from  its  resting  position  was  measured  photographical- 
ly and  compared  to  a  laboratory  calibration  curve  (Fig. 2).  Calibrations  were 
carried  out  by  suspending  the  sphere  in  an  enclosed,  recirculating  laboratory 
flume  at  a  number  of  different  flow  velocities.  Generally,  current  velocity 
could  be  estimated  from  sphere  deflection  to  within  ±10%. 

The  velocity  distribution  in  a  smooth  or  rough-walled  duct  can  be  closely 
approximated  by  the  power-law  velocity  distribution  given  by  Prandtl  and 
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to  20  30  W 

CURRENT    VELOCITY 
(cm/sec) 

Fig.2.  Calibration  curve  for  sphere  flow  meter.  Sphere  deflection  was  plotted  against  the 
average  flow  velocity  (total  discharge/cross-sectional  area)  in  an  enclosed  recirculating 
laboratory  flume  (4  cm  x  17  cm  flow  cross-section)  during  three  separate  runs.  Velocities 
of  less  than  about  5  cm/sec  and  velocities  above  about  45—50  cm/sec  did  not  produce 
noticeable  changes  in  sphere  deflection.  Two  linear  ranges  above  and  below  about  20  cm/ 
sec  are  observed  in  the  plot. 


Tietjens(1934,  p.  71)  as: 

"2  ="maxl~l 

where  Uz  is  velocity  at  a  distance  z  from  the  wall,  Umax  is  maximum  velocity, 
and  d  is  flow  depth  (Fig. 3).  If  we  assume  that  the  velocity  profile  follows  the 
power-law  distribution  given  above,  then  for  turbulent  flows  in  smooth  or 
rough  ducts  average  wall  shear  stress,  tq,  can  be  closely  approximated  by 
(Prandtl  and  Tietjens,  1934,  p.  71-75): 


To  =  0.0228 


^(^) 


1/4 


where  p  is  fluid  density  and  i>  is  kinematic  water  viscosity.  From  this  estimate 
of  To,  the  shear  velocity,  u^,  =  {t/pY'^,  may  be  calculated. 

Since  the  plastic  top  and  sides  are  smoother  than  the  sediments  comprising 
the  bottom  of  the  closed  duct,  it  is  worthwhile  considering  the  probable 
partitioning  of  total  u^  between  the  plastic  walls  and  sedimentary  bottom.  To 
do  so,  we  must  rely  on  pipe  flow  theory.  Shear  velocity  in  pipe  flows  can  be 
estimated  from: 


^•-<r 
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Fig.3.  Vertical  velocity  profiles  at  two  flow  rates  measured  with  a  pitot  tube.  Profiles 
were  made  at  a  position  along  the  axis  of  a  half-scale  model  of  the  SEAFLUME  equivalent 
in  location  to  the  position  of  the  sphere  flow  meter  and  camera  in  the  prototype.  Dots  and 
solid  line  (.— .)  are  observed  velocity  and  triangles  (a)  are  velocity  calculated  from  the  one- 
seventh  power  law  (Prandtl  and  Tietjens,  1934). 

where  V  is  average  velocity,  and  f  is  the  Darcy  friction  factor  which  is  depen- 
dent on  pipe  Reynolds  number,  R}^  =  DV/v,  where  D  is  pipe  diameter,  and 
relative  roughness  of  the  wall.  These  values  have  been  tabulated  graphically 
for  a  variety  of  pipes  (Daley  and  Harleman,  1966,  p.  274).  In  non-circular 
pipes,  the  diameter  can  be  approximated  by  the  hydraulic  radius  (wetted  flow 
perimeter/ flow  cross-sectional  area).  Assuming  that  flow  in  the  flume  duct  is 
roughly  similar  to  pipe  flow,  using  the  values  given  for  plastic  and  concrete 
to  approximate  the  roughness  of  the  flume  walls  and  sediment  surface,  respec- 
tively, and  letting  V  =  10  cm/sec,  D  =  6.5  cm  and  i^(15°)  =  1.14-  10"^  cmVsec 
(which  gives  Rf^  =  5.4- 10^),  we  obtain  f^'^  (plastic)  =  0.190,  and  f"^  (sedi- 
ment) =  0.217.  This  is  equivalent  to  stating  that  for  flows  in  a  totally  plastic 
duct  or  a  totally  sediment  duct: 


u^  (plastic) 
u^  (sediment) 


0.88 


This  crude  comparison  between  flow  resistance  in  smooth  and  rough  ducts 
allows  us  to  infer  that  a  relatively  small  error  is  introduced  by  using  total  u^ , 
rather  than  attempting  a  more  complex  analysis  of  partitioning  of  flow  resis- 
tance in  the  duct. 

To  achieve  better  estimates  of  threshold  u^  from  the  SEAFLUME  would 
require  either  better  definition  of  the  vertical  velocity  profile  or  a  means  of 
establishing  the  roughness  of  the  sediments.  In  the  laboratory,  several  instru- 
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mental  techniques  are  available  by  which  more  detailed  velocity  profiles  may 
be  obtained,  (i.e.  hot  wire  anemometry,  pitot  tube)  but  these  techniques  are 
not  easily  adaptable  for  field  use.  On  the  other  hand,  for  future  use,  an  im- 
proved means  of  measuring  mean  flow  in  the  SEAFLUME  can  be  achieved 
through  the  use  of  small  propellor  or  electromagnetic  current  meters. 

INITIAL  RESULTS 

A  discussion  of  erosion  experiments  using  SEAFLUME  on  a  clayey  silt  in 
water  depths  of  16  m  in  Buzzards  Bay,  Mass.,  is  given  in  Young  and  Southard 


Fig. 4.  Photographs  taken  during  SEAFLUME  experiments  on  the  clayey  silts  in  the  central 
region  of  Buzzards  Bay,  Massachusetts.  Water  depth  is  about  13  m.  The  upper  photographs 
(A,  B)  show  the  initial  condition  of  the  bed.  Note  the  organic  mounds,  tracks,  and  burrows, 
some  of  which  are  created  by  deposit-feeding  benthic  organisms  during  the  experiments. 
Photograph  C  shows  initiation  of  erosion  at  u*  =  0.35  cm/sec.  Photo  D  shows  the  bed  after 
about  15  min  of  erosion  at  u*  >  0.35  cm/sec. 
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(1976).  Other  experiments  have  since  been  carried  out  in  water  depths  to  35 
m.  Examples  of  photographs  obtained  during  some  of  these  experiments  are 
shown  in  Fig.4.  Comparison  between  threshold  u^,  in  tidal  flows  in  Buzzards 
Bay  and  in  erosion  experiments  on  the  same  sediment  carried  out  in  a  labora- 
tory flume  shows  that  estimates  of  u^  obtained  with  SEAFLUME  are  repre- 
sentative of  those  produced  by  tidal  bottom  currents,  while  u^  values  obtained 
in  the  laboratory  overestimate  critical  u^,  obtained  with  SEAFLUME  by  a  fac- 
tor of  two  or  more.  It  is  suggested  that  the  precision  and  accuracy  of  threshold 
u^,  estimates  obtained  with  the  SEAFLUME  are  as  good  or  better  than  esti- 
mates of  i/^  obtained  with  other  instrument  systems  in  situ,  and  are  signifi- 
cantly better  than  laboratory  measurements.  The  short  time  required  to  com- 
plete an  erosion  experiment  in  situ  and  the  undisturbed  nature  of  the  sedi- 
ments are  additional  advantages.  An  improved  version  of  SEAFLUME  is  being 
readied  for  use  in  the  deep  sea  as  well  as  in  other  shallow  water  environments. 
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1. 


INTRODUCTION 


The  need  for  better  design  surface 
wind  and  wave  data  in  oceanic  regions  affected 
by  tropical  cyclones  has  stimulated  measurement 
and  modelling  programs  directed  specifically  to- 
wards describing  surface  environmental  condi- 
tions. For  example,  a  cooperative  oil  industry 
sponsored  program  known  as  the  Ocean  Data  Gather- 
ing Program  (Ward,  1974)  resulted  in  the  acqui- 
sition of  a  unique  set  of  surface  wave  measure- 
ments in  severe  Gulf  of  Mexico  hurricane  Camille, 
1969.  The  data  were  then  used  to  calibrate  nu- 
merical wind  and  surface  wave  specification 
models  developed  in  a  study  described  by  Cardone, 
Pierson,  and  Ward  (1976).  They  found  the  models 
to  be  capable  of  accurately  specifying  the  ane- 
mometer level  wind  and  directional  wave  spectrum 
for  a  variety  of  storm  types  if  given  an  accu- 
rate description  of  certain  meteorological  char- 
acteristics of  the  storm  and  its  track. 

Recently  new  measurement  capabilities 
have  made  possible  the  study  of  the  hurricane 
surface  environment  from  aircraft.  Ross  (1975) 
describes  a  NOAA  research  aircraft  mission  into 
severe  Pacific  hurricane  Ava,  which  obtained 
boundary  layer  wind  measurements  and  surface 
wave  height  and  frequency  spectral  information. 

In  addition,  NOAA  data  buoys  posi- 
tioned off  the  U.  S.  East  and  Gulf  coasts  have 
acquired  interesting  meteorological  and  oceano- 
graphic data  sets,  including  wave  spectra,  in 
hurricanes  Eloise,  1975  (Withee  and  Johnson, 
1975),  Belle,  1976,  and  Anita,  1977.  Ross 
(1976)  combined  forty  measured  hurricane  wave 
spectra  from  these  rig,  aircraft,  and  buoy 
(Eloise,  1975)  sources  and  developed  an  empir- 
ically based  parametric  model  of  the  wave  char- 
acteristics in  tropical  cyclones. 

Hurricane  wave  specification  models 
are  most  often  applied  in  a  hindcast  mode  to 
simulate  severe  historical  storms  for  climato- 
logical  or  design  studies,  or  to  validate  model 
physics  in  well  documented  storms  (cf.  Cardone 
and  Ross,  1977).  The  models,  however,  may  be 
applied  in  real  time  to  forecast  winds  and  waves 
associated  with  hurricanes  and  typhoons  (cf. 
Brand  et  al..  1977).  The  model  outputs  can 


therefore  provide  objective  guidance  for  the 
marine  forecaster. 

In  the  study  reported  here,  the  nu- 
merical spectral  model  of  Cardone  e_t  al.  (1976) 
and  the  parametric  model  of  Ross  (1976T  were 
used  experimentally  to  make  wave  forecasts  in 
real  time.  The  models  were  installed  on  the 
NOAA/AOML  1108  computer  facility  along  with  the 
numerical  wind  model  described  by  Cardone  et  al., 
which  was  used  to  calculate  hurricane  surface 
winds  from  available  National  Hurricane  Center 
hurricane  advisory  products. 

Since  the  program  began,  real  time 
forecasts  have  been  made  experimentally  in  hur- 
ricane Belle,  1976,  in  the  pre-landfall  period 
and  in  hurricane  Anita,  1977,  in  the  central  and 
western  Gulf  of  Mexico.  This  paper  describes 
briefly  the  models  used  and  presents  verifica- 
tion of  the  forecasts  against  wind  and  wave  mea- 
surements obtained  as  the  storms  passed  near  and 
over  NOAA  data  buoys. 


2. 


WAVE  PREDICTION  MODELS 


This  section  summarizes  the  spectral 
and  parametric  wave  prediction  models.  Only  a 
brief  review  is  attempted  here  -  readers  inter- 
ested in  the  spectral  model  should  refer  to 
Cardone  et  al .  (1976)  while  those  interested  in 
the  basic  approach  followed  by  Ross  (1976)  should 
refer  to  Hasselmann  et  al.  (1976). 


2.1 


Spectral  Model 


The  approach  taken  in  this  model  is 
based  upon  the  numerical  integration  of  the  wave 
energy-balance  equation: 


^%^-   -Vg(f,0)-vS(f,G)  -F 


(1) 


where  S  is  the  directional  wave  spectrum,  f  is 
wave  frequency,  0  wave  propagation  direction, 
Vg  is  group  velocity,  and  F,  the  so-called  source 
function,  represents  all  processes  that  can  trans- 
fer energy  to  or  from  the  spectrum.  In  the  models 
equation  (1)  is  solved  by  the  successive  simula- 
tion at  each  time  step  and  on  a  regular  grid  ar- 
ray of  points  covering  the  spatial  domain  of 
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interest  of  the  processes  of  wave  propagation 
(the  first  term  on  the  r.h.s.  of  (1))  and  wave 
growth  and  dissipation  (in  the  source  function, 
F). 

In  the  nxjdel  the  grid  system  is  hexa- 
gonal and  consists  of  1521  points  nominally 
spaced  20  n.  mi.  apart,  laid  out  on  a  gnomonic 
map  projection.  At  each  grid  point,  the  direc- 
tional spectrum  is  resolved  into  fourteen  fre- 
quency bands  and  twenty-four  directional  bands. 
Thus  at  each  grid  point  there  are  336  numbers, 
each  of  which  represents  the  contribution  to  the 
variance  spectrum  of  wave  components  in  a  finite 
frequency  and  directional  band.  At  each  model 
tirnt  step,  which  simulates  one  hour,  equation 
(1)  IS  solved,  effectively,  for  each  of  the  336 
spectral  elements.  The  growth  calculation  uses 
a  form  for  F  which  Is  applied  only  to  spectral 
components  propagating  within  t   90°  of  the  locjl 
wind  direction  and  is  consistent  with  models  of 
the  physical  mechanisms  that  are  believed  to  be 
responsible  for  the  transfer  of  energy  from  the 
wind  to  surface  waves. 

Spectral  components  travelling  against 
the  wind  are  attenuated  at  a  rate  that  depends  on 
wave  frequency  and  the  energy  of  the  local  wind 
sea.  The  weak  non-linear  wave  interactions  of 
the  type  discussed  by  Hasselmann  et  al_.  (1976) 
are  not  modelled  explicitly  in  the  source  func- 
tion, but  non-linear  effects  are  certainly  model- 
led implicitly  by  the  form  of  F  used. 

Propagation  of  spectral  components  in 
deep  water  is  accomplished  by  a  Lagrangian  scheme 
whereby  spectral  components  simply  translate 
(jump)  to  adjacent  grid  points  In  the  appropri- 
ate direction  after  a  sufficient  number  of  time 
steps  have  elapsed  to  account  for  the  displace- 
ment according  to  that  component's  deep  water 
group  velocity. 

A  version  of  the  model  Includes  a 
shallow  water  algorithm  that  accounts  for  wave 
refraction,  shoaling  and  bottom  friction,  but 
this  effect  was  not  modelled  in  the  experimental 
forecast  in  order  to  reduce  costs. 

The  execution  of  the  model  starts 
with  the  calculation  of  the  hurricane  wind  field 
and  the  mapping  of  hourly  wind  fields  onto  the 
model  grid  system.  The  ocean  surface  is  taken 
initially  as  calm.  Then,  for  each  subsequent 
time  step,  the  program  updates  the  wind  field, 
computes  the  changes  in  the  spectrum  at  each 
grid  point  caused  by  growth  and  dlssipa^ive 
processes,  and  then  propagates  spectral  com- 
ponents across  the  grid.  The  spectral  field  Is 
at  first  unrealistic  because  of  the  initial  con- 
ditions, but  after  a  short  spin-up  period,  usu- 
ally 6-12  hours  or  so,  it  becomes  indicative  of 
the  storm  environment  and  responds, thereafter  to 
changes  in  storm  size,  Intensity,  and  track. 

It  takes  about  eight  minutes  of  cen- 
tral processor  time  on  a  Unlvac  1108  computer  to 
execute  one  time  step  of  the  model  for  the  full 
grid.  For  typical  hurricanes,  parts  of  the  full 
grid  can  be  nude  inactive,  and  a  24-hour  storm 
period  can  thus  be  simulated  in  about  two  hours 


of  computer  time  (Including  the  calculation  of 
the  wind  field). 


2.2 


The  Parametric  Model 


The  model  proposed  by  Ross  (1976)  is 
a  simplification  of  the  parametric  approach  to 
wave  p'-edictlon  proposed  by  Hasselmann  et_  al_. 
(1976).  The  method  follows  from  the  data  col- 
lected in  the  JONSWAP  study,  the  analysis  of 
which  suggested  that  fetch-limited  wave  spectra 
can  be  normalized  in  a  way  such  that  there  Is  an 
approximate  invariance  of  normalized  spectral 
shape  with  fetch.  The  spectra  can  therefore  be 
parameterized  in  terms  of  a  small  (2-5)  number 
of  parameters,  for  which  forecast  equations  can 
be  derived. 

The  original  analysis  of  JONSWAP  data 
followed  the  proce-iure  proposed  by  Kitaigorodskii 
(1961)  that  for  idt.jl  fetch-limited  wind  seas, 
all  wave  variables,  when  non-dlrenslonalized  in 
terms  of  g,  gravity,  and  the  wind  speed  U,  should 
be  functions  only  of  the  single  non-dimensional 
fetch,  c=g>!/U^,  where  X  is  the  fetch.   In  JON- 
SWAP, the  non-dimensional  peak  frequency 
u=Ufpi/g,  where  ffj,  is  the  peak  frequency,  was 
found  to  be  described  well  by  the  relation 

V  =  2.84  r°-^  (2) 

Similarly,  the  non-dimensional  total  energy 
e=E^g/U'*  where  E=rs(f ,3)dedf  showed  a  linear 
fetch  dependence 


e  =  1.6  X  10"^c 


(3) 


In  the  Ross  (1976)  model,  the  fetch. 
X,  is  replaced  by  R,  the  radial  distance  to  the 
eye  of  the  hurricane,  which  represents  a  para- 
meterization of  fetch  or  duration.  The  data 
set  from  hurricanes  Ava,  Camllle,  and  Eloise 
were  then  combined  to  produce  the  following 
power  law  fits: 


.=  .97  5'-'^ 
E  =  2.25  X  10"^  c'-''5 


C'<  3.0  X  10 


+4 


(4) 


where  c'=gR/U^.   It  is  noted,  however,  that  the 
above  mentioned  hurricanes  were  relatively  slow 
moving  (vf;^15  knots),  and  therefore  the  power  law 
fits  could  be  appreciably  different  for  fast 
moving  storms  or  significantly  smaller  storms. 

The  application  of  the  parametric 
model  is,  of  course,  much  simpler  and  computa- 
tionally more  efficient  than  the  spectral  model. 
Given  a  specification  of  the  average  surface 
(10  m)  wind  field  on  an  arb1t>-ary  set  of  grid 
points  and  the  location  of  the  storm  center,  c', 
e,  and  V  can  quickly  be  computed,  and  E,  or  sig- 
nificant wave  height  (4/E),  and  f^  can  then  be 
easily  displayed. 


3. 


THE  WIND  SPECIFICATION 


The  hurricane  wind-field  model   used  in 
this  study  is  an  application  of  the  theoretical 
model  of  the  horizontal  air  flow  in  the  boundary 
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layer  of  a  moving  vortex,  as  originany  derived 
by  Chow  (1971).  This  nxsdel  is  based  on  the  nu- 
merical integration  of  the  vertically  averaged 
(over  the  depth  of  the  boundary  layer)  equations 
of  motion  that  govern  a  boundary  layer  subject 
to  horizontal  and  vertical  shear  stresses  on  the 
rotating  earth.   In  vector  form,  the  equation  of 
motion  is  written  in  coordinates  fixed  to  the 
earth: 


—  VP+v(KuV'V)- 
P  n 


T^lvlv 


(5) 


where  v  is  the  vertically  averaged  horizontal 
velocity,  ^   is  the  Coriolis  parameter,  p  is  air 
pressure,  h  is  the  depth  of  the  boundary  layer, 
Kh  is  the  horizontal  eddy  viscosity  coefficient, 
and  K(j  is  the  drag  coefficient.  The  equation  is 
resolved  in  a  Cartesian  coordinate  system  the 
origin  of  which  is  allowed  to  translate  at  con- 
stant velocity  (v^)  with  the  center  of  the  pres- 
sure field  associated  with  the  vortex  (in  this 
case,  the  hurricane  pressure  eye).  The  varia- 
tions in  storm  intensity  and  motion  are  repre- 
sented by  a  series  of  quasi-steady  states.  With 
this  representation,  the  pressure  gradient  be- 
comes independent  of  time  and  may  be  simply  pre- 
scribed. This  nonlinear  system  of  equations  is 
solved  numerically  on  a  fine-mesh  nested  grid 
system  as  an  initial  value  problem  for  the 
steady-state  solution  of  the  horizontal  com- 
ponent of  the  vertically  averaged  velocity; 
that  is,  until  the  wind  field  on  the  moving 
grid  becomes  approximately  steady.  A  simple 
transformation  then  yields  the  wind  field  with 
respect  to  the  fixed-earth  coordinate  system. 
The  calibration  of  the  model  involved  the  de- 
velopment of  a  scaling  relationship  between  the 
anemometer  level  wind  speed  and  the  integrated 
boundary  layer  wind  speed.  This  scaling  law 
was  developed  mainly  on  the  basis  of  wind  data 
from  a  rig  In  the  path  of  Camille,  1969,  but  it 
appears  to  be  valid  rather  generally. 

The  adoption  of  the  pressure  specifi- 
cation technique  orlgnally  suggested  by  Chow 
satisfied  the  constraint  that  the  model  be  cap- 
able of  initialization  with  the  type  of  data 
available  for  historical  storms.  That  is,  the 
hurricane  pressure  field  could  be  prescribed  as 
the  sum  of  an  axial ly  symmetric  part  (p)  and  a 
large-scale  pressure  field  (p)  of  a  constant 
gradient.  The  latter  could  be  i^nterpreted  as  a 
mean  surface  geostrophic  flow  (v  )  in  which  the 
storm  is  embedded,  as  determined  from 


i()k  X  V  =  - 


i,, 


(6) 


The  symmetric  variation  of  pressure  with  radius 
away  from  the  storm's  central   pressure  (po)   is 
described  as 


Po  +  ap  e 


Ta/r 


(7) 


where  r  is  the  radial  distance  from  the  center 
of  the  hurricane,  r^  is  the  scale  radius  (at 
approximately  the  radius  of  maximum  wind)  of  the 
radial  pressure  profile,  and  Ap  is  the  storm 
pressure  anomaly.  In  this  form,  the  theoretical 
model  can  be  initialized  from  the  parameters 
that  are  available  or  that  can  be  determined 


from  historical  meteorological  records;  1.e.,Ao 
(which  also  determines  Pq),  r^,  v_,  vf,  and  the 
location  (latitude  and  Ivjngltude)  of  the  hurri- 
cane center.  The  wind-field  history  for  a  storm 
then  can  be  computed  from  knowledge  of  the  vari- 
ation of  these  parameters  along  the  storm  track. 

A  forecast  wind  field  can  be  speci- 
fied similarly  from  forecast  track  Information 
and  forecasts  of  storm  central  pressure,  scale, 
and  forward  velocity. 

Figure  1,  is  an  example  of  the  solu- 
tion of  the  model  for  a  typical  storm;  that  is, 
one  which  Is  moving  \r^   the  direction  of  the  sur- 
face steering  gradient.  The  parameters  appli- 
cable to  that  representation  dr&   those  of  hur- 
ricane Belle  actually  observed  when  it  was  off 
the  mid-Atlantic  coast. 


4. 


Figure  1.      Typical  solution  of  vor- 
tex boundary   layer  model  for   "steer- 
ing flow"  pressure  speaifiaation. 
Streamlines  and  isotaahs  of  20  meter 
level  wind  shown. 

HURRICANE  BELLE  FORECAST 


The  first  opportunity  to  run  the  fore- 
cast program  in  real  time  was  provided  by  Hurri- 
cane Belle,  which  formed  east  of  Florida  on  Au- 
gusts, 1976.  By  the  morning  of  August  9,  it  was 
apparent  that  Belle  would  likely  move  up  the  east 
coast  of  the  U.  S.  passing  near  Buoys  EB  15  and 
EB  41  and  enter  New  England  within  24  hours.  A 
■forecast  run  was  initiated  from  10  GMT  August  9 
Inputs.  The  forecast  track  and  wind  model  input 
parameters  v/ere  extracted  wherever  possible  from 
official  NHC  advisories  and  products,  but  were 
supplemented  with  information  obtained  in  person- 
al communication  with  the  NHC  forecaster  on  duty. 

The  forecast  track  used  for  the  Belle 
forecast  Is  compared  to  the  actual  track  in 
Figure  2  which  also  depicts  the  relative  loca- 
tion of  the  NOAA  data  buoy  "IB  41.  The  forecast 
parameters  of  stem  Intensity  and  scale  are 
compared  to  observed  data  in  Figure  3.  Clearly, 
errors  in  the  forecast  track,  at  least  up  to  the 
approximate  locations  of  EB  41,  are  small,  but 
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buoy  also  measured  wind  speed  and  direction  over 
an  8.5-minute  interval  once  per  hour.  The  vor- 
tex shedder  anemometer  is  mounted  at  a  height  of 
five  meters.  Data  from  EB  34  are  considered  un- 
reliable as  the  buoy  broke  loose  from  Its  mooring 
during  the  storm. 

Figure  4  compares  the  model  forecasts 
of  average  wind  speed  at  an  anemometer  height  of 
20  meters,  wind  direction,  and  Figure  5  the  sig- 
nificant wave  height,  at  EB  41  to  the  buoy  mea- 
surements. For  this  comparison,  wind  speeds 
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Figure  2.     Forecast  and  observed  traak  in 
Bicpricane  Belle  8/9-8/10. 
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Figure  3.     Observed  and  forecast  storm  para- 
meters in  Hurricane  Belle. 

but  errors  in  forecast  storm  characteristics  are 
large. 


Since 
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sea  states  were 
just  to  the  righ 
15-minute  sample 
hours.  The  data 
spectra  and  deri 
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the  forecast  track  moved  Belle 
over  EB  41,  the  maximum  storm 
forecast  by  both  models  to  pass 
;  of  the  buoy.  EB  41  recorded  a 
of  wave  height  every  three 
are  processed  on  board,  and 
ved  quantities  are  transmitted 
ity  for  dissemination  on  the 
c  communications  network.  The 
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Figure  4.      Comparison  of  measured  (adjusted  to 
20  meter  height)  and  forecast  itind  speed  and  di- 
rection in  Belle  at  EB  41. 

measured  by  the  buoy  were  adjusted  to  a  height  of 
20  meters  using  the  method  of  Cardone  (1969). 

The  "errors"  in  the  forecast  time- 
histories  shown  in  Figures  4  and  5  require  very 
cautious  interpretation,  as  they  represent  a  com- 
plicated mix  of  errors  from  the  forecast  of  storm 
track,  intensity,  and  size  and  errors  due  to  model 
deficiencies.  In  addition  there  is  some  indica- 
tion that  the  buoy  vortex  shedder  winds  may  be 
degraded  by  rain,  which  surely  was  present  for 
most  of  the  period  of  interest.  Finally,  the 
wave  measurements  are  available  only  once  per 
three  hours,  which  in  a  hurricane  environment  Is 


691 


1022 


insufficient  to  sample  and  resolve  the  true  evo- 
lution of  the  wave  history  at  the  site.  It  is 
quite  possible  that  maximum  sea  states  at  the 
buoy  site  were  higher  than  the  highest  measured 
value. 
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Figure  5.      Verification  of  significant  uave 
height  time  history  forecast  from  spectral  and 
parametria  wave  models  at  EB  41  in  Belle. 

Nevertheless,  it  may  be  said  that 
both  wave  forecast  models  do  a  creditable  job 
of  specifying  the  maximum  sea  states  likely 
experienced  at  the  buoy,  while  the  spectral 
model  appears  to  better  forecast  the  overall 
time  history.  At  least  part  of  the  overall 
positive  bias  in  the  forecasts  of  both  models 
is  due  to  the  unforecast  rapid  weakening  of 
Belle  in  the  pre-landfall  period. 

The  forecast  wind  errors  in  the  Belle 
wave  forecast  has  been  investigated  by  perform- 
ing a  detailed  post  analysis  and  hindcast  of  the 
winds  and  waves  in  this  storm.  Using  post  an- 
alysis values  for  storm  input  parameters,  the 
wind  model  calculated  winds  at  EB  41  that  com- 
pared very  well  with  those  measured  (Figure  6). 

The  wave  height  predictions  from 
hindcast  winds  are  compared  to  the  EB  41  measure- 
ments in  Figure  7.  As  expected,  the  hindcast 
time  histories  are  closer  to  the  observations 
than  those  forecast,  but  infra-model  differ- 
ences remain.  For  example,  the  parametric  model 
hindcast  positive  bias  early  in  the  EB  41  time 
history  implies  that  the  model  is  overpredicting 
wave  heights  in  Belle's  forward  quadrants.  This 
is  believed  to  be  a  consequence  of  the  calibra- 
tion of  the  model  against  data  from  slow  moving 
storms  and  the  more  wind  duration  limited  char- 
acteristics of  waves  in  the  forward  quadrants  of 
fast  moving  storms. 

As  an  example  of  the  more  detailed 
forecast  products  potentially  available  from 
wave  models.  Figure  8  compares  maximum  hindcast 
one-dimensional  frequency  spectra  specified  di- 
rectly by  the  spectral  model ,  computed  from  the 
forecast  parameters  of  the  parametric  model,  and 
observed  at  EB  41. 


Figure  6.     Hindcast  wind  speed  and  direction 
at  EB  41   in  Belle   (Cardone  and  Ross,    1977). 
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Figure  7.     Hindcast  significant  wave  height 
time  history  at  EB  41  in  Belle   (Ross  and 
Cardone,    1977):  ^  -  measured;  x  -  parametria 
model;   ■  -  spectral  vodel. 
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Figure  8.     Marimum  hindoast  spectra 
for  Hurriaane  Belle  at  EB  41    (Rosa 
and  Cardone,    1977):     x  -  parameterio 
model,   H,,.,=8.2  m;  ■  -  spectral  model, 

H^,,=7.8  m.      Also  shown  is  maxirriKm 

observed  speatngn   (*}   H.,=7.8  m. 


28« 


26« 


24« 


Forecast  frock 
Actual  track 
I 


Figure  9.     Parametria  model  derived  forecast  of 
significant  wave  height  around  Anita.     Forecast 
made  at  22  GMT  8/31/77,    valid  at  18  GMT  9/1/77. 
Buoy  positions,   forecast  track,  and  actual  track 
also  are  shown. 


5.  HURRICANE  ANITA  FORECAST 

A  series  of  forecasts  were  prepared 
in  real  time  during  Hurricane  Anita  and  made 
available  as  guidance  for  the  National  Hurri- 
cane Center  forecasters.  Only  a  brief  pre- 
liminary evaluation  of  one  of  the  series  is 
presented  here  as  the  forecast  data  sets  are 
presently  under  study.  The  forecast  described 
here  was  prepared  from  2200  GMT  8/31/77  inputs 
and  covered  the  21  hour  period  ending  1800  GMT 
9/1/77. 

During  the  forecast  period,  Hurri- 
cane Anita  passed  very  near  buoy  EB  71,  at  which 
hourly  wind  and  3-hourly  wave  measurements  were 
made.   Similar  measurements  were  made  at  EB  04, 
which  was  on  the  periphery  of  the  storm  during 
the  period  of  the  forecast.   Figure  9  shows 
the  forecast  wave  height  distribution  around 
Anitd  produced  by  the  parametric  model,  the 
forecast  track  used,  the  actual  track,  and  the 
locations  of  the  data  buoys.  Figures  10  and  11 
compare  the  forecast  parameters  of  intensity, 
Po,  and  scale,  rp,  used  as  input  to  the  wind 
model,  and  the  characteristics  actually  observed. 
As  in  Belle,  the  scatter  in  rp  is  large.  The 
most  significant  error  in  Anita's  fo.recast, 
however,  is  the  forecast  position  error. 

In  view  of  the  large  error  in  fore- 
cast track,  especially  with  respect  to  the  loca- 
tion of  EB  71,  the  track  error,  which  would  have 
overwhelmed  the  comparisons  at  the  buoy,  was  re- 
moved completely  before  "forecast"  wind  and  wave 
time  histories  at  EB  71  and  EB  04  were  compared 
to  measurements.  Figures  10  through  15  pre- 
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Figure  10.     Observed  and  forecast  central  pres- 
sure in  Hurricane  Anita. 
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sent  those  "best  track"  forecast  wind  and  wave 
time  histories.     The  forecast  wind  time  histories 
compare  favorably  with  those  observed.     The  mean 
and  rms  differences  between  forecasts  and  mea- 
sured significant  wave  heights  are  -.75  t  .54  m 
(spectral)  and   .21  -   .83  m  (parametric)  at  £B  71, 
and  -.64  i  .23  m  (spectral),  and  -.48  t  .64  m 
(parametric)  at  EB  04. 
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Figure  11.     Observed  and  forecast  radius  of 
maximum  wind  in  Anita. 
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Figure  13.  Measured  end  forecast  wind 
speed  and  direction  in  Hurricane  Anita 
at  EB  04. 
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Figure   14.      Measured  and  forecast  .ignifi- 
aant  wave  height  and  peak  freauencu  in 
Hurricane  Anita  at  EB  71. 

CONCLUSIONS 


Figure  12.     Measured  and  forecast 
wind  speed  ard  direction  in  Hurri- 
cane Anita  at  EB  71. 


This  study  demonstrates  feasibility 
of  obtaining  useful  forecasts  of  sea  state  in 
hurricanes  with  existing  model  capabilities. 
However,  it  must  be  remembered  that  the  models 
are  critically  dependent  upon  a  proper  specifi- 
cation of  the  wind  field  which  in  turn  depends 
upon  accurate  forecasts  of  storm  track,  intensity, 
and  size.  The  errors  seen  in  the  forecast  wave 
conditions  of  Belle  and  Anita  are  typical  of 
the  current  state  of  the  art. 

In  view  of  those  errors,  it  is 
appropriate  that  the  computationally  efficient 
parametric  model  be  employed  in  ooerational 
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Figure   IS.      f^easured  and  forecast  significant 
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forecasting,  as  it  can  be  quickly  updated  as 
changes  in  storm  intensity  and  track  occur. 

A  particularly  important  para- 
meter in  the  v/ind  soecifi cation  nodel  is  the 
radius  of  maxinun  wind.   This  oarameter  is  not 
routinely  forecast  nor  is  it  reliably  measured 
to  the  desired  accuracy.   The  scatter  in  the 
estimates  of  this  parameter,  strongly  suggests 
the  need  for  improvements  in  the  monitoring 
of  this  storm  characteristic,  possibly  through 
consistent  low  altitude  eye  penetration  by 
reconnaissance  aircraft  and  use  of  enhanced 
satellite  imagery. 

Finally,  this  study  begins  to 
reveal  the  tremendous  potential  of  the  HOAA 
data  buoy  system.   The  data  buoys  not  only  are 
important  elements  of  the  operational  marine 
observing  system  but  can  provide  unique 
measurements  in  extreme  conditions  for  use  in 
research  programs  concerned  with  the  develop- 
ment of  improved  environmental  prediction  models. 
The  outstanding  performance  of  the  prototype 
buoys  in  hurricanes  Eloise,  Belle,  and  Anita 
has  resulted  in  unique  data  that  will  be  partic- 
ularly valuable  in  the  further  development  of 
hurricane  wind  and  wave  models. 
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FORECASTING  HURRICANE  WINDS  AND  WAVES 
A  PILOT  STUDY 


V.  J.  Cardone^,  D.  Ross^,  M.  Ahrens^,  J.  A.  Greenwood 
C.  Greenwood^,  R.  E.  Salfi^ 


ABSTRACT 

A  directional  spectral  wave  hindcast  model  developed  at  the  City 
University  of  New  York  Institute  of  Marine  and  Atmospheric  Sciences  for 
application  to  Gulf  of  Mexico  hurricanes  is  modified  for  implementation 
on  the  NOAA  Atlantic  Oceanographic  and  Meteorological  Laboratories'  com- 
puter facility  for  application  in  real  time  to  forecasting  of  Gulf  and 
East  Coast  hurricanes.   The  results  of  this  model  are  compared  to  results 
from  a  simpler  parametric  model  developed  at  the  AOML  Sea-Air  Interaction 
Laboratory  for  several  severe  historical  storms  that  have  affected  the 
Gulf  and  East  Coast.   The  intercomparison  indicates  that  the  models 
produce  similar  results  for  slow  moving  (<  15  knots)  storms  and  increas- 
ingly divergent  results  for  faster  moving  storms.   A  real  time  forecast 
of  Hurricane  Belle  is  described.   The  forecast  sea  states  verified  at  a 
NOAA  date  buoy  suggest  that  both  models  are  limited  mainly  by  errors  in 
operational  forecasts  of  hurricane  track,  intensity,  and  scale. 


•^CUNY  Institute  of  Marine  and  Atmospheric  Sciences  at  the  City  College 
New  York,  N.Y.   10031 

^NOAA  Sea-Air  Interaction  Laboratory,  Miami,  Florida 
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Journal  of  Physical  Oceanography  7^,  No.  1,  134-137, 


Reply 

K.  Hasseluann,'  D.  B.  Ross,'  P.  Muller'  and  W.  Sell' 
26  August  1976 


1.  Introduction 

In  his  comments  Pierson  has  raised  a  number  of 
interesting  questions.  To  place  the  discussion  in  proper 
perspective,  we  should  perhaps  first  point  out  that  the 


'  Ma.T-Planck-Institute  fiir  Meteorologic,  Hamburg. 

•  Sea-Air  Interaction  Laboratory,  N0.\.\,  Miami,  Fla. 

•  Sonderforschungsbcreich  94,  Meeresforschung,  University  of 
Hamburg,  and  Ma.<c-Planck-Institut  fiir  Meteorotogie. 


purpose  of  our  paper  was  not  to  expenment  with  various 
parametrical  representations  of  the  wave  spectrum — 
as  interesting  as  these  are — but  to  apply  recent  results 
on  the  energy  balance  of  the  wave  spectrum  to  the 
practical  task  of  wave  prediction.  These  results, 
summarized  in  Hasselmann  et  al.  (1973,  hereafter 
called  J),  have  changed  the  structure  of  the  wave 
prediction  problem. 
On  the  one  hand,  the  problem  has  apparently  be- 
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come  more  complicated  throui^h  the  dominant  role  of 
the  nonlinear  resonant  energy  transfer  mechanisni  in 
determining  the  form  of  the  spectrum  and  the  rate  of 
shift  of  the  spectral  peak  in  a  growing  wind  sea.  With 
present  day  (and  foreseeable)  computers  the  rigorous 
Boltzmann  integral  expression  for  the  energy  transfer 
cannot  be  integrated  numerically,  even  approximately, 
for  an  arbitrary  wave  spectrum  within  the  framework 
of  a  numerical  wave  prediction  scheme.  In  another 
respect,  however,  the  problem  has  in  fact  become 
simpler,  because  the  nonlinear  energy  transfer  con- 
tinually readjusts  the  energy  distribution  within  the 
spectrum  to  a  selfstabilizing,  quasi-universal  form  in 
which  the  individual  geometric  signatures  of  the  gen- 
erating wind  fields  are  largely  lost.  Both  factors  point 
to  the  need  for  simplified  paramctrical  representations 
in  which  the  usual  discretization  of  the  wave  spectrum 
in  terms  of  several  hundred  degrees  of  freedom  is 
replaced  by  far  simpler  representations  containing 
only  a  few  free  parameters. 

Although  parametrical  representations  clearly  have 
their  specific  problems,  as  Pierson  points  out,  we  feel 
this  is  not  the  principal  ditllculty  confronting  the 
development  of  wave-prediction  models.  For  this 
reason,  many  of  the  valid  points  raised  by  Pierson  were 
not  discussed  in  detail  in  the  paper.  For  example,  it  is 
clear  that  since  the  wave  spectrum  is  a  statistical 
quantity,  the  parameters  describing  the  wave  spectrum 
will  also  be  staiisticai  variables.  Thus,  wiiciicVcr 
presenting  a  spectral  parameter  one  should  also  indicate 
Its  statistical  sampling  variability  in  the  same  way  that 
plots  of  power  spectra  are  nonnally  presented  with  error 
bars  denoting  their  confidence  limits.This  was  not  done 
in  our  paper,  as  it  is  obvious  from  a  cursory  inspection 
of  our  data  that  the  natural  geophysical  variability 
of  the  parameters  shown  by  far  exceeds  the  sampling 
variability  associated  with  the  statistical  uncertainty 
of  the  spectra  to  which  the  parametrical  forms  were 
fitted  (sec  also  J,  §  2.4).  The  understanding  of  this  large 
natural  variability,  which  is  apparent  even  in  the 
highly  selected  JONSWAP  data,  is  one  of  the  important 
problems  which  must  be  faced  in  assessing  the  ultimate 
limitations  of  numerical  wave  prediction  models. 

After  these  general  comments  we  turn  to  the  specific 
points  raised  by  Pierson,  following  his  subdivision  into 
four  groups  of  questions. 

2.  The  parameters  a  and  y 

It  is  not  claimed  that  our  method  of  fitting  param- 
eters to  fetch-limited  and  fully  developed  spectra  is 
unique.  After  experimenting  with  a  number  of  different 
functions,  we  chose  the  five-parameter  function  (H  2.1) 
as  a  manageable  but  sufficiently  fle.xible  form  simply 
because  1)  it  gave  a  good  fit  to  essentially  all  the  spectra 


we  encountered,  and  2)  it  was  conceptually  rather 
simple,  being  derived  from  the  well-known  Pierson- 
Moskowitz  spectral  shape  by  multipl}  ing  with  a  narrow 
band  "peak-enhancement"  function,  effective  only 
near  the  peak,  to  model  the  observed  variations  in  the 
width  and  amplitude  of  the  peak.  We  agree  with 
Pierson  that  Salfi's  (1974)  method  of  representing 
fetch-limited  spectra  in  which  the  fully  developed  PM 
spectrum  is  replaced  by  a  low-frequency  cutofT  function 
G  below  some  fetch-dependent  peak  frequency  also 
>-ields  a  spectrum  rather  similar  in  shape  to  the  mean 
JONSWAP  spectrum,  with  an  equivalent  peak  en- 
hancement factor  7  near  3  for  small  fetches.  However, 
it  should  be  noted  that  Salfi's  form  contains  only  one 
free  parameter,  the  peak  frequency,  v,-hich  then  deter- 
mines the  peak  enhancement  factor  and  the  equivalent 
left-  and  right-sided  peak  widths.  Thus  Salfi's  form  is 
not  general  enough  to  investigate  the  observed  vari- 
ability of  spectral  shapes,  which  was  the  principal 
reason  we  introduced  a  parametrical  representation 
of  the  spectrum  containing  three  free-shape  parameters, 
in  addition  to  the  peak  frequency  and  energy-scale 
parameter  a.  However,  when  considering  only  the  >nea)i 
evolution  of  a  growing  wind  sea  as  a  function  of  fetch, 
where  we  found  y,  a  a  and  ct-;,  in  our  representation  to 
be  essentially  constant  until  one  comes  very  close  to 
the  fully  developed  state,  any  one  of  the  different 
empirical  formulas  quoted  in  J  and  H  are  probably 
acceotable  within  the  scatter  of  the  observations.  Our 
only  criticism  of  Salfi's  representation  is  that  it  fails 
to  reproduce  the  decrease  of  a  with  fetch  found  in  J 
and  by  a  number  of  other  workers  (cf.  J,  Fig.  2.7). 
(The  minor  differences — less  than  20% — in  computing 
a  according  to  Salfi's  or  our  procedure  are  negligible 
in  this  context.) 

As  pointed  out  in  J,  however,  the  reason  for  intro- 
ducing a  parametrical  representation  of  our  fetch- 
limited  data  was  not  to  present  yet  another  empirical 
formula  for  the  growth  of  wind  waves  for  the  ideal 
case  of  a  uniform  wind  blowing  orthogonally  o£  a 
straight  shore,  but  rather  to  clarify  the  physics  re- 
sponsible for  the  observed  wave  growth  in  order  to 
develop  a  wave  prediction  model  applicable  for  ar- 
bilrary  wind  fields  and  boundaries.  As  a  result  of  our 
dvTiamical  analysis,  we  believe  that  wave  prediction 
models  which  ignore  the  nonlinear  energy  transfer 
and  are  based  solely  on  the  combination  of  a  Miles- 
Phillips  generation  mechanism  and  a  limiting  equi- 
librium range  characterized  by  a  universal  Phillips 
constant  a  are  physically  incorrect.  While  these  models 
can  be  tuned  to  give  similar  results  to  our  modet  for 
the  ideal  fetch-limited  situation  (except  for  the  fetch- 
dependence  of  a),  we  believe  they  will  produce  incorrect 
predictions  when  applied  to  other  wind  fields.  These 
conclusions  are  based  on  rigorous  calculations  of  the 
nonlinear  energy  transfer  for  observed  spectra,  rather 
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than  actual  comparisons  of  the  performance  of  different 
models  for  complex  wind  fields.  Such  experiments  are 
clearly  needed. 

3.  Sampling  varia)}ility  and  bias 

Since  the  observed  spectra  to  which  our  parametrica! 
form  (2.1)  is  fitted  is  a  statistical  estimate  of  the  "true" 
spectrum,  the  fitted  parameters  /„,,  a,  y,  Va  and  ct 
also  represent  statistical  variables.  If  the  parameters 
depend  linearly  on  the  spectrum,  their  statistical 
properties  can  readily  be  evaluated  from  the  standard 
Tukey  statistics  of  spectral  estimates.  Unfortunately, 
it  is  a  characteristic  of  most  parametrical  fits,  including 
ours,  that  the  fitting  algorithm  represents  a  rather 
complex  nonlinear  functional  dependence  of  the  param- 
eters on  the  spectrum.  Thus  it  is  possible  to  give  only 
rather  crude  estimates  of  the  statistical  variability 
of  the  parameters.  For  a  t>pica!  JONSWAP  spectrum 
computed  with  36  degrees  of  freedom,  the  standard 
deviations  of  the  individual  spectral  estimates  are 
approximately  24%  of  the  spectral  values.  We  estimate 
the  standard  deviations  or  our  parameters,  expressed 
as  percentages  of  the  variables  themselves,  to  be  of  the 
following  orders:  /„:  5-10%;  a:  4-6%;  7:  20-40%; 
«•«,  at:  20-50%.  These  variations  are  relatively  in- 
significant compared  with  the  much  larger  natural 
variabiiiiy  01  the  parameters  found  even  for  the  highiy 
selected,  "ideal"  JOxN'SWAP  cases. 

Pierson  has  further  suggested  that  our  7  estimates 
are  biased  toward  too  high  values  through  our  rejection 
of  multiple-peakcd  spectra.  Multiple-peaked  spectra 
were  rejected  only  for  the  Moskowitz  (1963)  set  of 
fully-developed  spectra.  The  rejections  were  limited 
to  cases  where  the  deviation  of  the  spectrum  from  a 
single-peaked  Pierson-Moskowitz  form  were  con- 
siderably greater  than  could  be  explained  by  the 
variability  of  spectral  estimates.  Multiple-peaked 
spectra  which  were  consistent  with  the  estimated 
statistical  variability  were  retained.  Similarly,  all 
multiple-peak  spectra  of  the  other  data  sets  were 
retained.  We  believe  our  rejection  of  these  multiple- 
peaked  spectra  to  be  fully  justified  and  certainly  as 
rigorous  a  procedure  as  that  of  Pierson  and  Moskowitz 
when  they  rejected  the  averaged  18.01  m  s~'  spectrum 
in  the  development  of  their  model  because  it  "seems  to 
tse  distorted  in  shape  compared  to  the  other  four" 
(Pierson  and  Moskowitz,  1964,  p.  5183). 

However,  this  point  need  hardly  be  argued.  We 
reanalyzed  Moskowitz'  fully  developed  spectra,  be- 
cause it  was  clear  that  Moskowitz'  method  of  averaging 
all  spectra  within  a  5  kt  wnd  band  would  necessarily 
yield  a  flatter  average  spectrum  than  the  technique 
we  used,  in  which  the  spectral  shape  parameters  were 
first  fitted  to  each  spectrum  separately  and  then  the 
shape  parameters  averaged  afterward.  We  suspected 


that  this  may  be  the  reason  the  JONSWAP  data 
indicated  no  systematic  decrease  of  7  relative  to  its 
mean  value  of  i.i  with  increasing  fetch,  although  the 
fully  developed  Pierson-Moskowitz  spectrum  cor- 
responds to  a  value  of  7=  1.  Contrary  to  our  suspicions, 
however,  our  reanalysis  of  Moskowitz'  data  did  indicate 
a  significantly  lower  value  of  7  =  1.4  for  fully  developed 
spectra,  and  our  conclusion  was  that  the  Pierson- 
Moskowitz  spectrum  was  indeed  a  fair  description  of  a 
fully  developed  sea,  despite  the  ambiguities  in  defining 
an  average  spectrum.  In  view  of  the  standard  deviation 
of  62%  in  the  7-values  of  the  Moskowitz  set  of  fully 
developed  spectra  (cf.  H,  Table  1)  it  appears  a  rather 
fine  point  to  debate  whether  the  residual  difference 
between  our  value  of  7=  1.4  and  the  Pierson-Moskowitz 
value  7  =  1  is  due  to  the  genuine  difference  in  averaging 
techniques  or  the  rejection  of  multiple-peaked  spectra 
which  were  considered — correctly  or  incorrectly — to 
be  swell  contaminated. 


4.  The  use  of  winds  at  10  m 

We  have  used  10  m  winds  consistently  throughout 
our  analysis  except  at  one  point,  where  we  have  mis- 
takenly substituted  the  10  m  wind  instead  of  the  19.5  m 
wind  into  the  e.xpression  for  the  peak  frequency  of  the 
fully  developed  PM  spectrum.  We  are  grateful  to 
Pierson  for  drawmg  attention  to  this  error.  It  can  be 
corrected,  as  he  points  out,  by  setting  «'=0.13  instead 
of  j'=0.14  as  the  transition  point  from  a  fetch-limited 
to  a  fully  developed  sea.  Fortunately,  the  error  is  such 
that  it  led  only  to  the  exclusion  of  some  marginal  cases 
of  almost  fully  developed  seas  from  our  fetch-limited 
data  sets,  rather  than  the  incorrect  inclusion  of  fully- 
developed  cases.  Thus  our  results  are  not  materially 
affected. 


5.  The  equilibrium  range 

Throughout  J  and  H,  the  /"*  "equilibrium"  range 
referred  for  field  data  always  to  frequencies  in  the 
gravity-wave  region  between  the  peak  frequency 
and  the  natural  cutoff  of  most  of  the  instruments  used, 
around  0.5  Hz.  Within  this  range,  the  data  could  be 
scaled  quite  well  using  Kitaigorodskii's  scaling 
relations. 

The  a-x  relation  (2.44)  in  J,  from  which  the  a-v 
relation  (6.1)  in  H  was  derived,  was  based  not  only 
on  field  data  but  also  on  laboratory  results.  These  were 
included  because  they  were  still  within  the  gravity-wave 
range  and  scaled  quite  well  with  the  field  data  in  ac- 
cordance with  Kitaigorodskii's  relations.  However, 
it  was  pointed  out  in  J  that  the  JONSWAP  data  alone 
would  have  produced  a  steeper  a-x  relation  (as  evidence 
in  the  steeper  a-v  relation  in  H,  Fig.  9a),  so  that  Kitai- 
gorodskii's relations  apparently  do  not  apply  exactly. 
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The  relation  (6.1)  was  nevertheless  retained  in  H  as  it  REFERENCES 
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5eld  data  for  gravity-wave  frequencies  below  0.5  Hz.  z.,  A8,  No.  12. 


1031 


64 

Journal  Water  Pollution  Control  Federation,  206*3-2073. 

Quantitative  mapping 

of  suspended  solids 

in  wastewater  sludge  plumes 

in  the  New  York  Bight  Apex 

R.  W.  Johnson 

National  Aeronautics  and  Space  Administration, 

Hampton,  Va. 

I.  W.  Duedall 

State  University  of  New  York,  Stony  Brook 

R.  M.  Glasgow 

Vought  Corporation,  Hampton,  Va. 

J.  R.  Proni,  T.  A.  Nelsen 

National  Oceanic  and  Atmospheric  Administration, 

Miami,  Fla. 


Large  quantities  of  wastewater  sludge, 
dredge  spoils,  industrial  wastes,  and  cellar  dirt 
are  dumped  ^^  -  in  the  apex  of  the  New  York 
Bight  (Figure  1).  Little  is  known  about  the 
local  dispersion  of  these  wastes  in  coastal 
waters.  Previous  preliminary  investigations  of 
the  dispersion  of  wastewater  sludge  plumes 
and  suspended  materials  include  studies  on 
the  fate  of  sludge-derived  ammonium  in  the 
water  column,^  the  fate  of  wastewater  sludge 
as  measured  by  carbon  and  nitrogen  in  sedi- 
ment samples  collected  from  the  wastewater 
sludge  disposal  site,*  and  the  distribution  of 
suspended  material  in  the  water  column  as 
measured  by  an  acoustical  system.'^  These 
studies  have  provided  valuable  information 
about  both  long-  and  short-term  aspects  of 
wastewater  disposal  at  sea,  but  they  are 
limited  by  the  number  of  stations  that  can  be 
sampled  in  a  short  time. 

Synoptic  surface  distributions  of  features 
such  as  suspended  solids  (ss)  associated  with 
ocean  dumping  and  the  resultant  surface 
plumes  may  be  studied  by  remote  sensing 
from  aircraft  and  satellite  platforms.  Spectral 
anomalies  have  been  used  to  locate  and  quali- 
tatively map  readily  identifiable  features  such 
as  suspended  sediment  associated  with  river 
discharges. •*  Quantitative  mapping  of  the  dis- 
tribution of  water  quality  properties  using 
remotely   sensed   data   has   been   reported   by 


Johnson, '~°  who  used  a  statistical  stepwise 
regression  analysis  to  calibrate  remotely  sensed 
data. 

The  purpose  of  this  investigation  was  to 
apply  the  previously  reported  methodology  '~^ 
to  remotely  sensed  data  that  were  collected 
over  wastewater  sludge  plumes  in  the  New 
York  Bight  apex  on  September  22,  1975. 
Spectral  signatures  were  also  determined  dur- 
ing this  study.  These  signatures  may  be  useful 
in  the  specific  identification  of  sludge  plumes, 
as  opposed  to  other  plumes  such  as  those 
created  by  the  disposal  of  industrial  acid 
wastes.  The  work  described  here  was  con- 
ducted jointly  by  the  National  Aeronautics  and 
Space  Administration  (NASA),  the  National 
Oceanic  and  Atmospheric  Administration 
(NOAA),  and  the  State  Universitv  of  New 
York  (SUNY). 

TEST  SITE 

The  area  selected  by  NOAA  for  this  experi- 
ment was  in  the  apex  of  the  New  York  Bight 
(Figure  1).  Within  the  apex,  wastewater 
sludge  is  dumped  on  a  daily  schedule  in  an 
Environmental  Protection  Agency  (EPA) 
designated  area  about  18  km  (9.7  nautical 
miles)  south  of  Long  Island.  Prior  to  the 
experiment,  a  2-day  moritorium  on  sludge 
dumping  in  the  Bight  apex  was  in  effect. 
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FIGURE  1.     Wastewater  sludge  dump  area  in  the  New  York  Bight  apex. 


EXPERIMENTAL  METHOD 

On  September  22,  1975,  three  wastewater 
sludge  dumps  and  their  plumes  were  monitored 
by  aircraft  remote  sensing  and  by  the  surface 
vessels  Kelez  (NOAA)  and  the  Onrust 
(SUNY).  Data  from  the  aircraft  platform 
were  collected  by  a  multispectral  scanner, 
multispectral  photography,  and  a  mapping 
camera.  The  sea-truth  data  were  obtained  by 
water  sampling  and  acoustic  profiling  (from 
the  Kelez  only)  in  and  around  the  sludge 
plumes.  In  this  paper,  only  the  multispectral 
scanner  data  are  considered,  using  the  map- 
ping camera  photography  for  visual  location 
and  identification  of  the  surface  features  and 
the  sea-truth  measurements  consisting  of  the 
concentrations  of  ss  and  chlorophyll  a.  The 
water  column  distributions  of  properties  and 
results  from  acoustic  investigations  are  pre- 
sented in  other  reports. i"'  ^^ 

Two  dumps  were  made  in  the  morning:  A 
line  dump  from  a  moving  barge,  starting  at 
about  10:46  am  eastern  daylight  time  (EDT) 
and  ending  about  11:16  am,  and  a  spot  dump 
from  a  stationary  barge,  which  began  at  11:00 


AM  and  ended  at  11:05  am  (EDT).  A  third 
spot  dump  took  place  from  about  2:53  pm  to 
2:58  (EDT).  The  sea-truth  measurements 
reported  here  were  made  during  and  follow- 
ing the  morning  dumps.  No  sea-truth  mea- 
surements were  made  during  the  afternoon 
dump. 

Sea-truth  measurements.  Sea-truth  measure- 
ments made  by  the  Kelez  in  the  morning  line 
dump  plume  consisted  of  10  sets  of  water 
samples,  five  taken  in  the  plume  and  five 
taken  in  water  adjacent  to  the  plume.  These 
samples  were  subsequently  analyzed  in  the 
laboratory  for  ss  and  chlorophyll  a  concentra- 
tions. Particle  size  distributions  (by  Coulter 
Counter)  were  made  onboard  the  Kelez  within 
2  hours  of  sampling.  Locations  of  the  sea- 
truth  stations  were  determined  from  a  plot  of 
the  ship's  path  during  the  sampling  period, 
overlaid  on  the  essentially  instantaneous  loca- 
tion of  the  plume  from  the  remote  sensors  and 
taking  into  account  the  apparent  plume  drift. 
Sea-truth  stations  and  the  ship's  path  (Kelez) 
are  shown  in  Figure  2.  The  ss  and  chlorophyll 
a  concentrations  determined  for  the  10  sea-truth 
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stations  are  listed  in  Table  I,  along  with  cor- 
responding radiance  values  obtained  by  the 
remote  sensor,  which  will  be  described  in  the 
following  section.  Typical  particle  size  dis- 
tributions for  stations  in  and  out  of  the  plume 
area  are  shown  in  Figure  3. 

The  Onrust  was  stationed  in  the  spot  dump 
where  samples  for  ss,  chlorophyll  a,  and  other 
analyses  were  collected.  The  samples  for  ss 
analysis  were  collected  in  500-ml  glass  bottles 
and  taken  back  to  the  laboratory  for  vacuum 
filtration  onto  preweighed  0.8-/xm  (pore  size) 
filters.  The  results  from  the  Onrust  are  also 
given  in  Table  I. 

I^emotely  sensed  data.  Remote  sensors  that 
measure  electromagnetic  radiation  in  the 
visible  and  near-infrared  (ir)  wavelengths 
were  flown  over  the  test  site.  The  NASA 
NP-3A  aircraft  flew  at  a  nominal  altitude  of 


3.0  km  (10  000  ft)  and  a  speed  of  444  kmA 
(240  knots).  Two  onboard  remote  sensor  sys- 
tems collected  data  for  these  analyses:  an  11- 
band  M2S  multispectral  scanner,  which  con- 
sisted of  10  bands  in  the  visible  and  near- 
infrared  and  one  thermal  band;  and  a  Zeiss 
mapping  camera.  Spectral  and  spatial  charac- 
teristics of  the  M2S  scanner  and  mapping 
camera  are  listed  in  Table  II.  Because  of  in- 
strumentation problems,  the  M2S  unit  recorded 
useable  data  only  in  Bands  2,  3,  4,  7  and  9. 
These  bands  seem  to  provide  adequate  cover- 
age of  the  visible  and  near  infrared  spectral 
range. 

Digital  data  from  the  M2S  scanner  were  re- 
corded inflight  on  magnetic  tape  in  a  high 
density  format.  Inflight  calibration  was  also 
provided  for  each  line  of  data.  Screening 
imagery    in    conjunction    with    the    mapping 
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FIGURE  2.  Wastewater  sludge  plumes  from  moving  and  stationary  dumping  barges 
at  the  time  of  the  NP-3A  aircraft  flight  at  11:59  EDT.  NOAA  ship  Kelez  path  is 
shown  during  water  sampling  (sample  numbers  are  indicated  with  time  of  sample  in 
parentheses).  Solid  circles  indicate  samples  in  the  plume  and  open  circles  samples 
in  adjacent  water. 
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FIGURE  3.  Particle  size  distribution  ( determined  by  Coulter  Counter )  in  plume 
and  adjacent  water  (2  fxin  and  64  jum  are  instrument  lower  and  upper  limits).  Top 
graph  is  in  plume  at  Station  9  (Figure  10),  bottom  is  out  of  plume  at  Station  8 
(Figure  11). 


camera  products  were  used  to  locate  areas  of 
interest  in  the  scanner  data.  Digital  data 
(measured    in    counts)    in    these    areas    were 


transferred  to  computer  compatible  tapes 
(cct)  with  a  typical  format  of  nine-track, 
800  bytes  per  inch.     Inflight  calibration  pro- 


TABLE  I. 

Sea-truth  measurements  and 

remotely  sensed  data. 

Sea  Truth 

Remotely  Sensed  Rad 

iances, 

mW/( 

;m^  •  steradian 

lim 

Suspended 

M2S  Band 

Solids 

Chlorophyll  a 

Station 

(mg/1) 

(mg/mS) 

2 

3 

4 

7 

9 

1 

1.53 

1.0 

3.00 

3.05 

2.22 

0.93 

0.37 

2 

1.26 

1.0 

2.88 

2.81 

1.98 

0.75 

0.30 

3 

27.00 

1.5 

3.04 

2.96 

2.07 

1.08 

0.49 

4 

1.60 

1.2 

2.59 

2.99 

2.16 

0.85 

0.34 

5 

30.10 

1.9 

2.99 

2.92 

2.02 

1.04 

0.46 

6 

1.70 

1.1 

2.96 

2.99 

2.16 

0.88 

0.34 

7 

32.20 

1.8 

3.10 

3.07 

2.16 

1.16 

0.53 

8 

1.11 

1.2 

3.12 

3.14 

2.24 

0.95 

0.39 

9 

13.26 

1.5 

3.26 

3.24 

2.29 

1.20 

0.49 

10 

13.36 

1.5 

3.30 

3.30 

2.30 

1.05 

0.41 

SPOT* 

12.01 

— 

3.30 

3.45 

2.51 

1.36 

0.52 

*  Average 

radiances  near  SUNY  ship  Onrust. 

- 

t  Interpolated 

value. 
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FIGURE  4.     Photograph  taken  at  11:59  am  EDT  over  sludge  dump  area  (see  Figure 
2). 


vided  information  to  convert  instrument  count 
data  to  average  radiances  in  each  band. 

Figure  4  is  a  photograph  taken  at  11:59 
AM  (EDT)  (about  1  hour  after  the  dumping 
events)  showing  the  plumes  of  the  morning 
line  and  spot  dumps.  The  Kelez  is  shown 
near  the  line  dump  plume  and  the  Onrust  is 
shown  in  the  spot  dump  plume.  Figures  5  and 
6  are  from  aircraft  flights  at  about  3:00  pm 
and  3:52  pm  (EDT),  respectively,  or  about 
4  hours  and  4.87  hours  after  the  morning 
dumps.  The  afternoon  spot  dump  plume  is 
also  shown  in  Figures  5  and  6.  NASA  opera- 
tions during  the  experiment  are  described 
elsewhere. 1- 

Preprocessing  of  remotely  sensed  data. 
Data  preprocessing  included  locating  the  sam- 
ple points  in  the  imagery  and  determining 
radiance  values  in  the  M2S  bands  to  be  com- 
pared to  the  sea-truth  measurements  obtained 
from  the  Kelez  and  Onrust.  In  the  analysis, 
representative  radiance  values  were  determined 
by  taking  a  7  X  7  pixel  field  centered  at  the 
best  estimate   of  the   sea-truth   measurement. 


This  pixel  field  was  determined  empirically  as 
the  minimum  size  that  compensated  for  un- 
controllable spectral  and  spatial  errors.  The 
average  count  in  the  7x7  field  was  multiplied 
by  a  radiance  conversion  value  obtained  from 
calibrating  the  inflight  system  to  known  radi- 
ance sources.  Evaluation  of  inflight  calibration 
data  indicates  less  than  2  percent,  or  negligible, 
instrument  drift.  Average  radiances  in  in- 
dividual band  ranges  have  the  units  mW/ 
cm^-sr-|am,  or  an  average  radiance  per  unit 
band  width.  Representative  radiance  values 
in  each  of  the  bands  for  the  sea-truth  stations 
are  listed  in  Table  I.  The  time  interval  be- 
tween remote  sensor  overpass  and  sea-truth 
measurements  was  less  than  20  minutes. 

Data  analysis.  Multiple  regression  tech- 
niques, specifically  stepwise  regression  analysis, 
previously  have  been  used  to  quantitatively 
relate  remotely  sensed  data  to  sea-truth  mea- 
surements.^" The  resulting  calibrated  regres- 
sion equations  were  used  to  map  synoptic 
quantitative  distributions  of  water  quality 
parameters  in  the  remotely  sensed  area.     The 
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FIGURE  5.     Photograph  taken  at  3:00  pm  EDT  over  sludge  dump  area. 


TABLE  II.     Spectral  and  spatial 
characteristics  of  remote  sensors.* 

Modular  Multispectral  Scanner  (M2S) 
Band  Band  width 


1 

380-440  nm 

2t 

440-490  nm 

3t 

495-535  nm 

4t 

540-580  nm 

5 

580-620  nm 

6 

620-660  nm 

n 

660-700  nm 

8 

700-740  nm 

9t 

760-860  nm 

10 

970-1  060  nm 

Thermal 

8  000-13  000  nm 

Scan  width,  m 

8  500 

Resolution,  m 

8 

Spectral 

Range, 

nm 


Zeiss  Mapping  Camera 

Resolu-    Footprint, 
Film  tion,  m  m 


300-700     2  402  1.3     4  550X4  550 

(black  and  white) 

*  Measurements  made  at  3.0  km  altitude, 
t  Radiance  data  are  available  in  these  bands. 


methodology  reported  by  Johnson  ^  was  used 
in  the  data  analysis  for  this  experiment,  with 
ss  and  chlorophyll  a  as  the  dependent  variables 
and  average  radiances  of  the  five  M2S  bands 
as  the  independent  variables.  In  a  stepwise 
regression  analysis  the  program  selects  the  in- 
dependent variable  (radiance  for  an  M2S 
band)  that  has  the  highest  correlation  with 
the  dependent  variable  (ss  concentration). 
In  subsequent  steps,  the  stepwise  regression 
analysis  then  adds  variables  to  the  regression 
based  on  F-ratio  values,  a  statistical  measure 
of  significance,  until  all  of  the  independent 
variables  that  make  significant  contributions  to 
determining  the  dependent  variable  are  in  the 
regression,  and  the  others  outside  the  regres- 
sion.^^ Limiting  the  regression  equation  to 
significant  \'ariables  reduces  the  analysis  time 
and  improves  the  accuracy  of  the  results.  A 
95-percent  confidence  level  is  used  to  deter- 
mine variables  that  are  included  in  the  re- 
gression equation.  The  resultant  regression 
equation  is  a  calibrated  relation  between 
remotely  sensed  data  and  sea-truth  measure- 
ments. 

RESULTS  AND  DISCUSSION 

Results   of  the  stepwise  regression  analysis 
for  ss  are  shown  following  for  the  10  sets  of 
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FIGURE  6.     Photograph  taken  at  3:52  pm  £DT  over  sludge  dump  area. 


observations  from  the  line  dump  plume: 


step 
1 

2 


Regression 
Variables 

Ri.Rt 


Correlation 
Coe6fic!ent 

0.88 
0.96 


Standard 
Error  of 
Estimate 

6.47  mg/1 
4.11  mg/1 


Measurement 
Range 

1.11-32.20  mg/1 
1.11-32.20  mg/1 


Where  R^/  is  the  average  radiance  in  M2S 
band  N  (that  is,  Rg  is  the  average  radiance 
in  Band  9);  the  correlation  coefficient  is  a 
measure  of  the  relative  responses  of  variables, 
with  a  maximum  value  of  unity;  the  standard 
error  of  estimate  is  a  measure  of  the  deviation 
from  the  fitted  regression  line;  and  the  mea- 
surement range  is  the  range  of  sea-truth 
measurements.  The  calibrated  regression 
equation  is:     . 

ss  (mg/1)  =  45.29  -  45.67  R^  -1-  159.69  R9 

Comparison  of  the  remotely  sensed  ss  (cal- 
culated from  the  regression  equation)  with  the 
measured  values  of  ss  is  shown  in  Figure  7. 
Deviations  about  the  Stted  regression  are  ap- 
proximately random;  thus,  the  linear  model  is 
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FIGURE  7.  Remotely  sensed  and  measured 
values  for  ss  concentrations  in  sludge  line 
dump. 
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FIGURE  8.     Quantitative  distribution  of  ss  in  plumes  at  11:59  am  EDT,  about  1 
hour  after  dumps  (see  Figures  2  and  4). 

adequate.     Johnson*-''  have  previously  indi-  able,  one  band  of  M2S  data  (Band  9)  indi- 
cated a  linear  variation  for  the  present  range  cated    a    significant    correlation.      As    shown 
of  ss  data.  above.  Band  9  also  had  the  highest  individual 
With  chlorophyll  a  as  the  dependent  vari-  correlation  between  ss  and  remotely  sensed 
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FIGURE  9.     Normalized  (to  ocean  water)  radiances  of  sludge  plumes. 
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FIGURE 

(200x). 


10.     Scanning   electron    microscope    image    of   particles    in    sludge   plume 


data.  In  addition,  as  observed  by  Duedall 
et  al.,^°  there  may  be  some  fluorescent  charac- 
teristics of  the  wastewater  dump  material  that 
interfere  with  the  chlorophyll  a  analysis.  Thus, 
it  seems  that  the  indicated  chlorophyll  a  cor- 
relation is  a  "false  positive"  indication. 

Quantitative  mapping  of  ss.  Quantitative 
mapping  of  the  distribution  of  water  quality 
parameters  may  be  determined  from  the  re- 
gression equation.  For  the  water  quality 
parameter,  concentrations  are  determined  at 
each  pixel  (or  equal  spacings  of  lines  or 
columns).  This  field  of  data  is  typically 
smoothed  to  remove  local  spectral  and  spatial 
noise  features,  and  a  contour  map  is  developed 
by  a  computerized  plotting  routine.  The 
smoothing  routine  used  in  this  analysis  is  an 
averaging  on  a  line-by-line  and  column-by- 
column  basis  in  the  data  field,  where  the 
middle  value  is  replaced  by  the  mean  of  it 
and  the  two  adjacent  values.  Edge  values 
remain  the  same.  In  this  analysis  each  pixel 
in  each  line  of  data  was  used  to  generate 
the  field  of  data  for  mapping.  Two  smoothing 
passes  were  made  for  the  ss  concentrations. 

Quantitative  distributions  of  ss  in  the  waste- 
water sludge  plumes  are  mapped  in  Figure  8. 


Sea-truth  station  locations  are  indicated  on  the 
map.  The  single  ss  concentration  value  deter- 
mined (by  interpolation)  for  the  spot  dump 
plume  was  not  included  in  the  regression  equa- 
tion. However,  the  comparison  is  good  (12 
mg/1  measured  value,  14  mg/1  as  mapped 
value),  indicating  that  the  line  and  spot  dump 
plumes  have  similar  spectral  characteristics 
even  though  total  radiance  levels  are  higher 
in  the  spot  dump  plume   (Table  I). 

Spectral  signatures.  Spectral  signatures  may 
be  used  to  identify  particular  types  of  features 
in  a  body  of  water.  The  ocean  disposal  of 
wastewater  sludge  is  regulated  by  the  EPA 
permit  system.  Because  of  its  wide  area  and 
synoptic  coverage,  remote  sensing  may  be 
useful  in  enforcement  of  ocean  dumping  regu- 
lations if  the  type  and  location  of  these  dumps 
can  be  unambiguously  defined.  One  means  of 
applying  spectral  characteristics  for  identifica- 
tion is  to  normalize  to  ocean  water  in  each  of 
the  spectral  bands  (that  is,  using  the  water 
for  an  in-scene  calibration).  Normalized 
spectral  characteristics  of  the  morning  spot 
and  line  dumps  are  shown  in  Figure  9.  The 
dumps  are  shown  also  in  the  photography  of 
Figure  4.     The  higher  radiances  in  the  spot 
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FIGURE  11.     Scanning  electron  microscope  image  of  particles  in  backgromid  water 
(200X). 


dump  are  probably  caused  by  greater  concen- 
trations of  organic  and  other  floatable 
materials. 

The  morning  line  and  spot  dumps,  which 
occurred  about  4  hours  before  they  were  re- 
motely sensed  in  the  afternoon,  are  still  dis- 
tinguishable in  the  photography  Figures  5  and 
6.  However,  the  normalized  spectral  responses 
are  weak  and  dispersed  in  the  radiometric  data 
of  Figure  9. 

Particle  characteristics.  Particle  character- 
istics in  and  out  of  the  line  dump  plume  are 
shown  in  Figures  10  and  11.  As  indicated  in 
the  particle  size  distributions  obtained  from 
the  Coulter  counter  (see  Figure  3),  there  is  a 
large  concentration  of  uniformly  sized  particles 
(about  8  ^m  in  diameter)  in  the  plume.  Out- 
side of  the  plume,  both  large  phytoplanktonic 
and  very  small  particles  were  observed. 

The  scanning  electron  microscope  images 
seen  in  Figures  10  and  11  represent  typical 
suites  of  particles  collected  in  and  out  of  the 
dumped  wastewater  plume.  Both  images 
were  taken  at  200x  magnification.  Figure  10 
shows  the  wastewater-laden  particulate  matter 
in  the  plume.    The  helical  shaped  organism  at 


the  right  edge  of  the  micrograph  is  a  ciliated 
protazoan  typically  associated  with  wastewater. 
Figure  11  shows  particulate  matter  and  plank- 
tonic  organisms  representative  of  background 
suspended  particulate  matter  in  the  water 
samples  outside  of  the  wastewater  slud,  =; 
plume. 

CONCLUDING  REMARKS 

Calibrated  regression  equations  that  relate 
remotely  sensed  data  to  sea-truth  measure- 
ments may  be  used  to  provide  maps  of  the 
synoptic  distributions  of  water  quality  param- 
eters associated  with  ocean  disposal  of  waste- 
water sludge.  These  maps  provide  informa- 
tion for  location  and  quantitative  assessment 
of  dispersion  characteristics  of  plumes  resulting 
from  ocean  dumping  of  wastewater  sludge. 
Spectral  responses,  or  signatures,  from  the 
plume  may  be  used  to  identify  the  type  of 
plume,  without  concurrent  water  sampling. 
This  would  provide  a  basis  for  enforcement  of 
dumping  regulations  by  local,  state,  and  federal 
agencies. 

Sea-truth  measurements  indicate  that  par- 
ticle   size    distributions    associated    with    this 
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pollutant  plume  are  difiFerent  from  those  of 
natural  water  in  the  same  area.  Specifically, 
there  is  a  peak  in  the  smaller  particle  sizes  in 
the  plume,  while  natural  ocean  water  has  a 
more  even  distribution  of  both  large  and  small 
particles. 

Results  of  this  experiment  are  encouraging 
for  the  use  of  remote  sensing  techniques  for 
locating,  identifying,  and  mapping  spectral 
anomalies  that  may  be  related  to  pollutant 
plumes.  Additional  experiments  should  be 
performed  in  different  environmental  settings 
in  order  to  more  accurately  establish  the  role 
of  remote  sensing  in  monitoring  and  studying 
pollution. 
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Acoustic  imaging  of  the  New 

England  shelf-slope  water  mass  interfaces 

Pulsed  high  frequency  acoustics  has  been  shown  to  have 
unique  applications  in  the  detection  and  measurement  of 
oceanic  phenomena  such  as  internal  waves'"'  and  dispersion 
of  ocean-dumped  sewage  sludge'  '  or  dredge  material'.  With 
moderate  to  high  pulse  repetition  rates,  a  virtually  con- 
tinuous record  of  water  column  scattering  strength  is 
available  to  depths  of  the  order  of  500  m  from  a  ship 
travelling  at  speeds  of  4  or  5  knots.  We  used  this  feature 
to  detect  acoustically  the  interfaces  associated  with  an 
intrusion  of  cold  New  England  shelf  water  into  the  warmer 
slope  water  during  a  9-d  period  in  June  1976. 

From  15  to  23  June  1976  measurements  of  effects  of 
internal  waves  were  made  from  the  National  Oceanic  and 
Atmospheric  .Administration  (NOAA)  ship  George  B.  Kelez 
in  an  area  on  the  New  England  continental  shelf  partly 
shown  in  Fig.  1.  Although  measurements  were  made  on 
three  tracklines  shown,  most  of  the  work  concentrated  on 
the  centre  trackline.  A  1-kW  20-kHz  pulsed  acoustic  system, 
specially  modified  for  detection  of  weak  signals  scattered 
from  the  water  column,  was  operated  continuously  through- 
out the  cruise.  Field  operation  of  this  system  has  been 
described  previously*'.  Profiles  using  expendable  bathy- 
thermographs (XBT)  and  a  conductivity-temperature -depth 
probe  (CTD)  were  obtained  at  regular  intervals. 

Throughout  the  cruise,  the  acoustic  record  revealed  a 
reflecting  layer  (Fig.  2)  of  limited  horizontal  extent  and 
rather  variable  location.  Some  observations  of  the  offshore 
boundary  of  this  layer  are  indicated  in  Fig.  1.  The  layer 
was  observed  in  all  cases  (18  observations)  to  have  a  slope 
opposite  to  that  of  the  bottom.  As  shown  along  the  ship's 
trackline,  the  layer  displayed  apparent  widths  of  2.8-7.4  km. 
The  last  few  records  (for  example.  Fig.  2)  of  the  scattering 
layer  also  show  a  second  layer  higher  in  the  water  column 
and  parallel  to  the  surface,  but  apparently  descending  to 
join  the  ascending  lower  layer  at  their  offshore  boundary. 
This  made  a  sufficiently  dramatic  feature  to  finally  get  our 
attention.  We  then  obt:;inej  XBT  and  CTD  profiles  through 
the  feature  when  the  cruise  plan  permitted. 


Fig.  1  Region  of  New  England  continental  shelf  where  water 
mass  interfaces  were  observed.  Contours  are  in  fathoms,  dashed 
lines  are  tracklines  along  which  most  work  was  performed.  X 
with  a  date  denotes  an  observation  of  the  Intersection  of  the 
scattering  layer  offshore  boundary  and  the  ship's  trackline.  The 
light  dashed  lines  represent  the  width  of  the  intrusion  observed 
on  22  June. 


A  series  of  three  XBT  profiles  (Fig  3)  across  the  layers 
revealed  that  they  occur  in  a  region  of  transition  between 
two  distinct  water  masses.  XBT  99  shows  the  bottom  shelf 
water  to  have  a  temperature  of  about  7  C  while  XBT  104 
shows  the  minimum  temperature  of  the  deeper  slope  water 
to  be  about  10  C.  XBT  103.  taken  in  the  region  where  the 
layers  were  present  shows  interleaving  of  7  'C  water  with 
10  'C  water.  The  depths  of  the  upper  and  lower  steep 
temperature  gradients  in  XBT  103  coincide  with  the  depths 
of  the  acoustically  reflecting  la>ers  measured  at  the  moment 
the  XBT  103  profile  was  taken.  The  gradient  depths  of  XB  I 
103  (taken  at  0729  (i\ir,  22  June)  may  be  compared  with  ihe 
depths  of  the  reflecting  layers  in  Fig.  2.  observed  at 
1325  (iMT.  22  June.  The  slightly  later  acoustic  image  was 
chosen  for  its  higher  quality  and  clearer  manifestation  of 
the  layers  joining  at  the  offshore  boundary.  In  the  right 
hand  portion  of  Fig.  3  (the  region  of  lighter  background), 
the  Kelez  took  station  and  a  CTD  profile  was  made  and  can 
be  seen  falling  and  then  rising  through  the  layers.  The  CTD 
temperature  profile  was  similar  to  XBT  103  but  showed 
very  much  steeper  temperature  gradients  at  the  top  and 
bottom  of  the  7  °C  intrusion. 

The  horizontal  transition  from  7  to  10  C  water  is  a 
familiar  feature.  It  is  well  known*  that  by  June  the  surface 
shelf  water  has  warmed  due  to  increased  net  solar  radiation 
while  the  bottom  shelf  water  remains  cold,  typically  about 
7  "C.  The  slope  water  is  not  cooled  as  much  during  winter 
mixing  and  has  a  minimum  temperature  of  about  10  "C. 
During  winter  the  shelf-slope  water  front  is  a  well  formed 
feature',  but  spring  surface  warming  over  the  shelf  and 
slope  removes  the  horizontal  temperature  contrast  except 
in  the  lower  water  column.  The  reflecting  layers  manifested 
in  the  acoustic  image  are  associated  with  nearly  horizontal 
interfaces  formed  by  interleaving  of  the  shelf  and  slope 
water  masses  during  spring  and  summer. 

The  location  of  the  shelf-slope  water  interface  on  the 
centre  trackline  migrated  about  18  km  northwards  during 
the  nine-day  span  of  observations.  Reflecting  layers  observed 
on  15  and  16  June  were  confirmed  to  be  shelf-slope  water 
interfaces  by  XBT  pairs  (7.  8.  and  17,  18  respectively)  taken 
north  and  south  of  the  observed  layers  On  17  June  a  layer 
observation  on  the  western  trackline',  confirmed  by  XBT  26 
(not  shown  on  map)  and  XBT  27.  showed  the  shelf-slope 
water  interface  to  be  further  south.  We  observed  no  reflect- 
ing layer  associated  with  the  water-mass  interface  on  the 
eastern  trackline  but  found  the  transition  took  place  between 
XBT  46  42  32'N  and  XBT  47  on  18  June  It  would  seem, 
then,   that  the  shelf-slope  water  transition  zone  was  in  a 


Surfa 


Fig.  2  A  portion  of  the  acoustic  image  showing  the  scattering 
layers  associated  with  the  intrusion  interfaces  (frequency  20  kHz). 
The  left  portion  of  the  Image,  with  darker  background,  rep- 
resents a  distance  of  5.6  km.  The  portion  to  the  right  of  the 
interrupted  bottom  signal  was  made  with  the  ship  on  station  for  a 
CTD  profile.  The  CTD  echo  signal  is  visible  on  the  image. 
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XBT    104 


Tcmpcrjiurc  ('C) 

Fig.  i  Three  XBT  profiles  (locations  shown  in  Fig.  I)  showing 
the  changing  make-up  of  the  water  column  across  the  region  in 
which  acoustic  scattering  layers  were  identified  as  shelf-slope 
uater  mass  interfaces.  The  temperature  scale  is  actually  three 
scales  joined  at  the  20  C  points. 


north  east-south  west  direction  in  the  vicinity  of  this  experi- 
ment. Curiously,  from  19  through  22  June  the  deep  water 
boundary  of  the  transition  zone  was  roughly  stationary  as 
shown  in  Fig.  I.  Thus  the  boundary  moved  18km  along 
the  centre  trackline  from  16  to  19  June  and  moved  very 
little  in   the   next   four  days. 

The  shelf-slope  water  transition  zone  apparently  fluctuates 
significantly  in  location  on  a  time  scale  of  a  few  days.  Also, 
Cresswell'"  has  observed  distinct  parcels  of  shelf  water  in 
the  deeper  slope  water  indicative  of  a  mixing  process.  If  the 
conditions  for  scattering  at  these  water  mass  interfaces  are 
often  suitable  for  acoustic  scattering,  it  may  be  possible  to 
observe  acoustically  the  shelf-slope  water  exchange  process 
occurring  in  the  summer  on  the  New  England  continental 
shelf.     XBT    and    CTD    profiles    would    be    needed    only 


occasionally  to  confirm  that  the  scattering  layers  are  the 
interfaces  of  interest.  Most  of  the  ship  time  would  then  he 
spent  covering  the  area  of  interest  in  a  regular  fashion  with 
sufficient  frequency  to  resolve  water  mass  movements  as 
they  occur. 
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SURFACE  METEOROLOGICAL  OBSERVATIONS  ON 
R/V  COLUMBUS  ISELIN  DURING  PHASE  III  OF  GATE 

Feodor  Ostapoff,  Sylvia  Worthem,  and  William  Everard 

This  report  describes  the  surface  meteorological  instru- 
mentation used  during  the  third  phase  of  GATE  aboard  the  R/V 
COLUMBUS  ISELIN.   The  ship  track,  surface  meteorological  ob- 
servations, and  the  calculated  momentum  and  heat  fluxes  are  pre- 
sented.  The  procedura  for  calculating  the  fluxes  is  described. 

1.   INTRODUCTION 

The  R/V  COLUMBUS  ISELIN  of  the  University  of  Miami  participated 
in    GATE    during    the    second    phase    in    the    Equatorial    Experiment 
and   the    third   phase    in    the   C-scale    Experiment.      This    report 
describes    and    presents    the   surface   meteorological    observations 
for    the    third    phase    only. 

The  primary  function  of  the  R/V  COLUMBUS  ISELIN  in  the  third 

phase   was    to    deploy   and   service    the   cyclesonde   buoys    Dl  ,    D2, 
and    D3.      Secondary   objectives   were   joint    roving    operations 
with    the    R/V    DISCOVERY   of   the   U.K.    to   map    the    upper   ocean    on 
a    horizontal    scale   of   20    km. 

The  R/V  COLUMBUS  ISELIN  was,  nevertheless,   instrumented  to  ob- 
tain   surface   meteorological    observations,    including    radiation 
data,    cloud    photography, and   sea    surface    temperature    data.      As 
much    as    possible,    all    data    recording   was    done   automati- 
cally,   because   of    limited    personnel.      Only   one   man   was    avail- 
able   for   carrying   out    this    program. 
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2.   SHIP  TRACK 
In  as  much  as  the  R/V  COLUMBUS  ISELIN  was  a  roving  ship  and  a 

great  deal  of  her  time  was  spent  servicing  the  cyclesonde 
buoys,  the  navigational  smooth  plotting  presented  no  major 
problems.   The  ship  was  equipped  with  a  satellite  navigation 
system  which  functioned  continuously  with  the  exception  of  a 
brief  period  during  a  power  failure. 

Although  the  hourly  positions  are  tabulated  together 
with  the  meteorological  data,  some  tracklines  are  presented 
in  Figures  1  through  15.   These  will  be  useful  in  the 
interpretation  of  other  than  the  meteorological  data.   The 
presented  tracklines  cover  the  cases  when  the  R/V  COLUMBUS  ISELIN 
was  roving  jointly  with  the  R/V  DISCOVERY  on  September  5-7, 
September  8,  and  September  14-15,  and  with  the  R/V  DISCOVERY 
and  R/V  QUADRA  on  September  16.   During  these  exercises,  the 
absolute  navigation  (by  satellite)  was  performed  by  the  R/V 
DISCOVERY.  The  R/V  COLUMBUS  ISELIN  took  a  radar  range  and  bearing 
on  the  DISCOVERY  eyery   ten  minutes.   In  many  cases,  the  DIS- 
COVERY also  took  ranges  and  bearings  on  the  ISELIN.   With 
the  data  from  both  ships,  smooth  plotting  was  performed  by 
Lt.  R.  Sellers  (NOAA). 


'■\ 
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This  report  describes  the  instrumentation  and  sensor 
exposure.   The  data  and  derived  flux  quantities  are  presented 
Also,  all  available  navigational  data  are  provided. 
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Fiquve   1       R/V  C.    ISELIN  and  R/V  DISCOVERY  tracks   2000  GMT  5  Sept.    to   0J50  GMT 

6  Sept.    1974. 
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Figure   2.      R/V  C.    ISELIN  and  R/V  DISCOVERY  tracks   2030  GMT  6  Sept. 

7  Sept.    1974. 
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to   1220  GMT 


Figure  3.     E/V  C,   ISELIN  and  RfV  DISCOVERY  tracks  1620  to  2200  GMT  7  Sept.    1974. 
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Figure  4.     R/V  C.     ISELIN  track  8  Sept.    1974. 
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Figure   5.      R/V  C.    ISELIN  and  R/V  DISCOVERY   tracks    1974    to   2150  GMT  14  Sept.    1974. 
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Figure  6.     R/V  C.   ISELIN  and  R/V  DISCOVERY  tracks  0032  to  0210  GMT  15  Sept.    1974. 
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Figure   7.     R/V  C.   ISELIN  and  R/Y  DISCOVERY  tracks  0200  to  0410  Gl'lT  15  Sept.    1974. 
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Figure  8.     R/V  C.   ISELIN  traak  0440  to  0745  GMT  15  Sept.    1974. 
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Figure  9.      R/V  C.    ISELIN  track  0810  to   1200  GMT  15  Sept.    1974. 
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Figure  10.      R/V  C.    ISELIN  traak  1200  to  1440  GMT  15  Sept.    1974. 
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Figure   11.      R/V  C.   ISELIN  track  1410  to  1740  GMT  15  Sept.    1974. 
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Figure  12.     R/V  C.   ISELIN  track  1820  to  2220  GMT  16  Sept,    1974. 

1063 


o 
o 

o 

CD 

O 


CVJ 

o 

CJ 

(M 


00 

o 

CVJ 

CVJ 


in 

o 

CVJ 

CVJ 


o 
o 

o 

CD 

O 


o 
00 

o 


CO 

o 
00 

o 


T \ \ 1 \ 

^ ^ P — ^ — ^  .,., 

o 
-     < 

o             ^ 

O                i2 

O                        8   o      oo 

•                 ^  g    -- 

O 
ro 

C\J 

CD 

O.                                                              Q 
UJ                                                              1- 

to                                           en 
03                        i^     in     lo  o 
^                        1^     ^     in  o 

c\j   OJ     o    o          O.'^ 

0— O o— -o ^^ 

XBT  #143-153 

1              1              1              !              1 

GA 
C.ISELII 

15  SEPT  1974 

<?D1 

- 

1       1       1       1       1 

1            1            1            1            1       .. 

* 

CVJ 

o 

CVJ 

CVJ 


CO 

o 

CVJ 

CVJ 


in 

o 

CVJ 

CVJ 


in 

o 
CO 

o 


00 

o 
CO 

o 
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Figure   14.      R/V  C.   ISELIN  track  0100  to  0345  GMT  16  Sept.    1974. 
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Figure   15.      R/V  C.    ISELIN  and  R/V  DISCOVERY  tracks   0640   to   2000  GMT 

16  Sept.    1974. 
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3.       INSTRUMENTATION 
Although  the  R/V  COLUMBUS  ISELIN  performed  her  functions  during 
the    third   phase   of   GATE    as    a    roving   ship   within    the   C-scale 
array,    she   was    equipped   to   observe    the   following   basic   meteor- 
ological   parameters:      sea    surface    temperature,    air   temperature, 
relative    humidity,    atmospheric    pressure,    wind    speed,    wind   di- 
rection   relative    to    the    ship's    direction,    solar   radiation, 
rainfall,    and   cloud    photographs. 

3.1   Sensor  Description 

The  sea  surface  temperature  and  the  air  temperature  were 
measured  by  means  of  platinum  resistance  thermometers  from 
Minco  Products,  Model  S31-20A.   They  were  used  in  a  three- 
wire  bridge  circuit  with  signal  conditioning  providing  0-10 
VDC  output.   This  corresponds  to  a  temperature  range  of  15-35  C 

A  Hygrodynamics   humidity  sensor.  Model  15-7012,  was  used 
to  measure  the  relative  humidity.   Its  operation  is  based  on 
adsorption  of  moisture  in  lithium  cells,  which  changes  the 
electrical  resistance.   Signal  conditioning  provided  an  output 
of  0-10  VDC  corresponding  to  0-100%  relative  humidity  with  a 
stated  accuracy  of  -  3%. 
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The  atmospheric  pressure  was  measured  with  a  Hamilton 
Standard   pressure  transducer.   The  output  is  frequency.   It 
was  read  on  a  frequency  counter  (in  Hertz)  and  logged  once 
every    hour. 

For  wind  speed  and  direction  measurements,  a  Gill 
three-cup  anemometer  and  microvane  were  used. 

After  signal  conditioning,  0-10  VDC  corresponded  to 
0-20  ms"   wind  speed.   The  direction  was  sensed  by  a  potenti- 
ometer with  the  following  output  relative  to  the  ship's  di- 
rection: 

O.OV  =  180°  (stern) 
2.5V  =  270°  (port) 
5.0V  =  000°  (bow) 
7.5V  =  090°  (starboard). 
Solar  radiation  was  measured  by  an  Eppley   pyranometer 
(Model  15)  with  a  calibrated  sensitivity  of  7.37  yv/watt  m 

Signal  conditioning  provided  a  0-10  VDC  range  corresponding 

_2 
to  an  input  of  0-1360  watt  m 

All  of  these  parameters,  except  the  atmospheric  pressure, 

were  recorded  on  an  Easterline  Angus   24-point  strip  chart  re- 
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corder,  and  each  of  the  recorded  parameters  was  sampled  once 
eyery   minute. 

In  addition  to  these  parameters,  rainfall  was  estimated 
using  a  standard  NWS  8-inch  collector  and  measuring  cup  sys- 

',    tern.   This  gauge  was  read  on  a  12-hourly  basis  or  more  often 

I         when  dictated  by  weather  events. 

Finally,  cloud  pictures  were  taken  with  a  hand-held  Pen- 
tax  camera   with  data  pack,  pointing  to  the  four  principal 
sky  directions  and  using  Kodak   color  films.   Usually,  pic- 
tures were  taken  with  the  sea  surface  in  the  frame  for  wave 

'    documentation.   It  was  attempted  to  photograph  the  sky  condi- 
tion  on  an  hourly  basis.   This  was  not  always  possible  because 
of  a  personnel  shortage.   However,  cloud  cover  and  convective 
codes  were  estimated  from  these  photographs,  of  which  some 
600  were  made.   They  were  also  helpful  in  validating  the  wind 
data  in  the  few  cases  when  small  scale  disturbances  were  doc- 
umented to  be  present,  resulting  in  yery    local  wind  conditions 
The  Appendix  lists  the  cloud  photographs  available  at  SAIL. 

3.2   Sensor  Exposure 
The  R/V  C.  ISELIN  was  not  equipped  with  a  meteorological 
'    boom  system  as  were  the  dedicated  ships.   Therefore,  the 
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sensors  were  placed  on  the  ship  with  the  goal  of  obtaining  the 
best  possible  exposures. 

Figure  16  shows  the  outline  of  the  R/V  COLUMBUS  ISELIN  and  the 
sensor  exposures.   The  air  temperature  and  relative  humidity 
sensors  were  mounted  in  a  thermal  shield  with  forced  air  as- 
piration on  the  starboard  rail  of  the  flying  bridge,  about  11 
meters  above  the  sea  surface  (see  Figure  16,  location  1).   The 
pyranometer  was  also  mounted  at  the  starboard  rail  of  the  fly- 
ing bridge,  about  10.4  meters  above  the  sea  surface  (see  Fig- 
ure 16,  location  2).   The  wind  speed  and  direction  sensors 
were  positioned  as  high  as  possible  on  the  main  mast  (see  Fig- 
ure 16,  location  3)  in  order  to  obtain  wind  measurements  which 
were  least  affected  by  the  ship.   This  placed  the  wind  sensors 
at  about  16.2  meters  above  the  sea  surface.   Since  the  effi- 
ciency of  rain  collection  in  rain  gauges  depends  to  some  de- 
gree on  the  air  flow,  the  rain  collector  was  also  placed  high 
on  the  mast  (see  Figure  16,  location  4)  next  to  the  wind  sen- 
sors.  The  measuring  cup  was  placed  at  the  deck  level  of  the 
mast  and  was  connected  to  the  rain  collector  by  1/4  inch  tygon 
tubing. 

The  atmospheric  pressure  sensor  was  located  in  the  sci-  , 
entific  plotting  room  and  was  connected  to  a  pressure  head 
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mounted  on  a  rail  at  about  7.3  meters  above  the  sea  surface 
(see  Figure  16,  location  5). 

The  sea  surface  temperature  was  measured  at  a  depth  of 
about  10  centimeters  from  a  towed  float.   The  float  was  sus- 
pended from  a  6-meter  long  fiberglass  pole  on  the  starboard 
side. 
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4.   DATA  PRESENTATION 

Hourly  meteorological  observations  obtained  aboard  the 
R/V  COLUMBUS  ISELIN  from  2  to  20  September,  1974,  are  given  in 
Table  1.   The  hourly  ship  positions  were  obtained  either  by 
the  on-board  satellite  navigation  system,  navigational  radar 
range  and  bearing  from  moored  buoys,  or  as  described  in  Sec- 
tion 2  during  joint  roving  exercises  with  the  R/V  DISCOVERY. 

As  discussed  in  Section  3,  the  sea  surface  temperature, 
air  temperature,  relative  humidity,  and  solar  radiation  were 
sampled  and  recorded  once  a  minute.   To  obtain  the  hourly  data 
(and  half-hourly  data  for  radiation)  presented  in  Table 

1,  average  values  for  the  fifteen  minutes  prior  to  the  stated 
time  were  used.   In  Table  1,  values  of  sea  surface  tempera- 
ture marked  with  "$"  are  bucket  temperatures.   It  is  esti- 
mated that  such  data  are  accurate  to  within  0.3  C.   The  other 
data  are  accurate  to  the  precision  indicated  in  the  table. 
The  relative  humidity  was  converted  to  mixing  ratio  using 
the  measured  atmospheric  pressure  and  (5.1.4)  and  (5.1.5). 
Both  the  mixing  ratio  and  air  temperature  given  in  Table  1 
have  been  reduced  to  10  m  values  using  (5.2.25). 

The  atmospheric  pressure  transducer  had  a  digital  out- 
put which  was  logged  hourly.   Since  the  pressure  was  measured 
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TABLE  1 
HOURLY  METEOROLOGICAL  OBSERVATIONS 
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at  7.3  m  height,  the  surface  pressure  given  in  Table  1  is  the 
measured  value  plus  a  correction  factor  of  0.82  mb . 

The  hourly  wind  speed  and  direction  values  from  the 
ship's  log  are  absolute  values.   They  are  indicated  in  Table  1 
with  an  asterisk.   When  ship's  log  values  are    used,  ship  speed 
and  direction  were  not  tabulated  because  they  were  unnecessary. 
Wind  speed  and  direction  relative  to  the  ship  were  sampled  and 
recorded  every   minute  on  the  data  acquisition  system  when  it 
was  operational.   To  obtain  hourly  values,  ten-minute  averages 
during  a  stable  period  around  the  indicated  hour  were  made  for 
both  wind  speed  and  direction  relative  to  the  ship.   Then,  the 
wind  speed  and  direction  were  reduced  to  absolute  values  using 
the  ship  speed  and  direction.   In  Table  1,  the  wind  speed  val- 
ues have  been  reduced  to  10  m  using  (5.2.13).   The  convective 
code  and  cloud  cover  values  in  Table  1  were  estimated  from  the 
cl oud  photographs  . 

The  radiation,  air  temperature , and  wind  speed  are  dis- 
played graphically  in  Figure  17.   These  data  appear  consistent 
in  that  low  radiation  values  generally  correspond  to  low  air 
temperatures  for  moderate  winds.   Also,  high  air  temperature 
generally  corresponds  to  low  winds  for  typical  undisturbed 
radiationconditions. 
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Figure  17.     Radiation^   air  temperature^   and  wind  speed, 
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Figure  17. 
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5.   CALCULATION  OF  MOMENTUM  AND  HEAT  FLUXES 
The  bulk  aerodynamic  parameterization  equations  which 
include  the  effects  of  atmospheric  stability  have  been  used 
to  calculate  the  latent  and  sensible  heat  fluxes  and  the 
momentum  flux.   The  data  used  for  the  calculations  are  de- 
scribed and  presented  in  Section  4,   Since  the  data  were  col- 
lected at  heights  different  from  the  standard  ten-meter  level, 
they  were  a-1 1  reduced  to  that  level  except  for  the  atmo- 
spheric pressure.   The  three  basic  steps  in  the  calculation 
procedure  for  determining  the  heat  and  momentum  fluxes  were 

(1)  to  calculate  a  virtual  gradient  Richardson  number,  Ri  , 

(2)  to  calculate  the  tert-meter  values  of  wind,  air  tempera- 
ture,and  mixing  ratio,  and  (3)  to  calculate  the  fluxes  using 
the  ten-meter  values. 

In  Section  5.1,  the  bulk  aerodynamic  calculation  pro- 
cedure for  the  case  of  near-neutral  stability  is  described. 
The  effects  of  stability  are    included  in  Section  5.2.   The 
calculation  of  longwave  back  radiation  from  the  sea  surface 
is  given  in  Section  5.3. 

5.1   Near-Neutral  Stratification 
For  the  case  of  near-neutral  stratification,  i.e.,  for 
virtual  Richardson  number  <|0.01j,  the  bulk  aerodynamic 
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parameterization   equations   are   given   by 


D..2 


■^^CiPaCgU 


(5.1.1) 


Qs  =  S^a^oU(Ts-T) 


(5.1.2) 


^L^SPa^o^^^-^^ 


(5.1.3) 


where  Cj  and  C2  are  constants  which  adjust  the  units  of  x, 

DSL 
Q  ,  and  Q,  .   The  air  density  is  p_,  and  C_'  '   are  the  transfer 
s        L  a        o 

coefficients  for  momentum  flux  (x),  sensible  heat  flux  (Q^)* 

and  latent  heat  flux  (Qi ),  respectively.   The  quantities 

without  subscript  refer  to  ten-meter  values,  where  U  is  the 

wind  speed,  T  is  the  air  temperature,  q  is  the  mixing  ratio, 

and  T   and  q^  are  sea  surface  temperature  and  saturation  mix- 
s      s 

ing  ratio.   The  sensible  and  latent  heat  fluxes  are  positive 
for  transfer  from  the  ocean  to  the  atmosphere. 

The  mixing  ratio  q  in  units  of  g/g  is  calculated  using 
the  relation 


q  =  e- 


(5.1.4) 
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where  e=0.622,  p  is  the  observed  atmospheric  pressure  at  the 
sea  surface,  and  e  is  the  water  vapor  pressure.   The  water 
vapor  pressure  is  the  product  of  the  observed  relative  hu- 
midity, r,  and  the  saturation  vapor  pressure,  e  ,  i.e.. 


e  =  re 


(5.1.5) 


In  the  present  calculations  for  the  saturation  water  vapor 
pressure,  e  ,  the  Goff-Gratch  formula  (List,  1958)  was  used 


log  e  =-7.90298 
'   s 


(^-lj+5. 02808  log(-|^j 


-1.3816-10"^[lO^^-^^^V  ^sa/ 


(5.1.6 


-8.  1328- 10 


-3 


10' 


3.49 


149(^-1) 


-^1  oa  e 


where  T   =373.15  K,  e   =10)3.246  mb  ,  and  T  if.  qiven  in  degrees 
sa  ws  "^ 

^■  e  1  V  i  n  . 

It  is  assumed  that  the  temperature  and  the  potential 
teiiipcrature  of  the  air  are  identical  because  the  deptn  range 
involved  in  the  calculations  ii.  only  10  meters.   The  virtual 
temperature,!  ,is  calculated  using  the  e,<p>'ession  (Brocks  arid 
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Krugermeyer,  1972): 


Ty=(l+0.604q)T 


(5.1.7) 


If  T   is  in  the  range  of  29  C,  the  air  density,  p^,  can  be 
V  a 

-3     3 
taken  to  be  1.15x10   g/cm  .   The  values  of  the  transfer  co- 
efficients were  determined  by  Hoeber  (1969)  and  have  the 
following  values: 


D        -3 
Cq=1. 25-10  ^ 


(5.1.8) 


C  =27.12  cal  sec  g"  "^K" '^day"  "^ 


(5.1.9) 


Cq  =  7. 94-10^  cal  sec  g'-^day"-^ 


(5.1.10) 


Using  a  value  of  specific  heat  at  constant  pressure  of  0.24 

cal  g"  K'  ,  Cq  in  (5.1.9)  corresponds  to  a  nondimensional 

-3 
sensible  heat  transfer  coefficient  of  1.31x10   .   Using  a 

value  of  latent  heat  of  evaporation  of  580  cal  g~  ,  Cq  in 

(5.1.10)  corresponds  to  a  nondimensional  latent  heat  trans- 

_3 
fer  coefficient  of  1.58x10   . 
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With 


/-■ 


-2        -2 
c 1=0 .  10  nt  m  /dyne  cm 


(5.1.11) 


C2  =  0.4843  watt  m~^/cal  cm'^day"-^ 


(5.1.12) 


the  values  of  the  transfer  coefficients  given  by  (5.1.8)  to 
(5.1.10)  and  the  remaining  parameters  in  (5.1.1)  to  (5.1.3) 

given  in  cgs  units,  the  wind  stress  is  given  in  units  of  nt 

-2  -2 

m   and  the  heat  fluxes  in  units  of  watt  m 

Although  the  numerical  values  for  the  transfer  coeffi- 
cients for  neutrally  stable  conditions  yary    somewhat  in  the 
literature,  the  above  values  are  considered  to  be  most  ap- 
plicable to  the  present  study.   The  measurements  by  Hoeber 
(1969)  were  made  on  the  equator  at  30  W  longitude  from  a 
sami-stable  meteorological  buoy  carrying  a  mast  of  10-meters 
hei  ght . 

5.2   Non-Neutral  Stability  Conditions 
The  virtual  gradient  Richardson  number  (Ri  )  is  a  mea- 
sure of  stability  and  defined  by 
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3T, 
9Z 


"%= 


/8U\2   ■ 


(5.2.1) 


T,l^ 


The  following  finite  difference  form  was  used  to  calculate 
Ri  ,  taking  into  account  the  different  heights  at  which  the 
sensors  were  located: 


Vv-nv)  ^w 


R1  -0^^"^' 
^\    3  T  U2 


(5.2.2) 


where  g  is  the  gravitational  acceleration,  T^^  is  the  virtua 

sea  surface  temperature,  T   is  the  virtual  air  temperature, 

z   is  the  height  at  which  the  wind  was  observed,  and  z-r  the 
w  ^  I 

height  at  which  the  air  temperature  was  measured.   In  this 
form  of  the  equation,  the  wind  speed  at  the  sea  surface  is 
assumed  to  be  zero,  the  air  temperature  at  the  sea  surface 
is  assumed  to  be  the  sea  surface  temperature,  and  the  sea 
surface  is  at  z=0.   The  virtual  temperatures  are    computed 
from  the  observations  using  (5.1.7).   The  vapor  pressure  at 
the  sea  surface  is  assumed  to  be  the  saturation  vapor  pres- 
sure . 
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In  order  to  derive  corrections  for  the  wind  stress,  t, 
in  non-neutral  cases,  similarity  considerations  are  invoked 
which  suggest  that 


kz  3U  _,  /z\ 


(5.2.3) 


where  k  is  von  Karman's  constant  (~0.38)  and  L  is  the  Monin- 
Obukhov  length.   For  the  case  of  neutral  stratification, 
<t>„(z/L)  =  l,  and  integration  reduces  (5.2.3)  to  the  familiar 
logarithmic  law.   Following  Monin  and  Obukhov,  (j)|^(z/L)  can 
be  expanded  in  a  power  series  as  follows. 


'M 


(f)=  i^">f^ 


(5.2.4) 


Substitution  of  (5.2.4)  into  (5.2.3)  yields,  upon  integration 
over  a  constant  shear  layer. 


U_ 


K- 


Z-Zo 


-+a 


■)  • 


(5.2.5) 


where  Zq  represents  the  roughness  length.   In  the  following, 
Zq  will  be  neglected  compared  to  z  wherever  it  appears  as  an 
additive  parameter.   Assuming  z/L<<l,  then  the  drag  coeffi- 
c  1  e  n  t  C  ,  1  s 
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Since  C  ,  the  drag  coefficient  for  the  neutral  case  at  a 
0         ^ 

height  of  10  m,  is  equal  to 


'--'A 


(5.2.7) 


D 
C   can  be  approximated  by  the  relation 


D   D 
C  ^Cq 


l-2a 


■^ 


(5.2.8) 


In  order  to  evaluate  z/L,  it  is  assumed  that 


f  ~Ri 
L  V 


Def i  ni  ng 


'''m"-^"*m'~ 


(f) 


(5.2.9) 
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and  substituting  this  relation  into  (5.2.4)  obtains 


^m[- 


(r)=°'if 


(5.2.10) 


From    (5.2.8),    the    drag   coefficient,    C    ,    for   non-neutral 
stability    is 


D      D/     2<|> 

c  =cju 


(5.2.11) 


where  Zq  can  be  determined  from  (5.2.7).   For  z=10m  and 

D        -3 
C-  =  l. 25*10   ,  the  roughness  length  assumes  the  value  of 


zn=0.0215  cm 


In  order  to  calculate  the  wind  speed  at  a  standard  height 

of  10  meters  from  an  observation  at  the  height  z   (near  the 

w 

ten-meter     level), it    is    assumed    that    »I^m(z    )='^m(  z=10m)=4;j^. 
Combining    (5.2.5)    and    (5.2.10)    yields 
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'-r  ^"(I^-^m) 


(5.2.12) 


Substituting  the  wind  speed  at  10  m  and  at  the  measured  level 
into  the  above  equation  separately  and  dividing  one  resulting 
equation  by  the  other  yields  a  relation  for  reducing  the 
measured  wind  speed  to  the  10-m  wind.   Thus,  the  10-m  wind 
speed  can  be  calculated  using  the  relation 


U(10m)=U(z 


/in  10^-ln  Zo-ti.,,,\ 
w^\ln  z^-ln  zo-^^    ) 


(5.2.13) 


The  formula  for  the  wind  stress  becomes 


T  =  (0.1)(1.15-10'^)(1.25-10"-^) 


l--^. ) 

\     In  10^-ln  zo/ 


U2(10m).  (5.2.14) 


The  correction  f actor,  4*|^,  i s  evaluated  by  means  of  (5.2.9) 


and  the  following  empirical  relations  for  <t> 


M 


nil 


■-(«■ 


(1-18  Ri  )'^   for  Ri  <0 


for  Ri  =0 

V 


-1 


(1-4.5  Ri^)    for  Ri^>0 


(5.2.15) 


(see  Brocks  and  Krugermeyer,  1972). 

The  sensible  and  latent  heat  flux  corrections  for  non- 
neutral  stratification  are  analogous  to  the  momentum  flux 
corrections.   The  analogue  to  (5.2.3)  is 


k   8F 


=  $  f 


f;  3z 


•(r)    ■ 


(5.2.16) 


where  F^  is  defined  as 


p=c,u^ 


a  p 


for  i=s 


P.u* 


for  i-L 


with  Q   the  sensible  heat  flux,  Q.  the  latent  heat  flux, and 
F*  -  (T*,  q*).   The  parameter  T^  is  the  temperature  analog  of 
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the  friction  velocity,  and  q^  is  the  specific  humidity  analog 
Expanding  'I'Mrj'i"  ^  power  series  yields 

.^(^)=iv;(f)^... 

which  is  analogous  to  (5.2.4).   Integration  over  a  constant 
flux  (F  )  layer  gives 


^    '""o  _  1  /i„  z   .  ^i  z\ 


,  i=S,L 


(5.2.17) 


where  the  z^  are  roughness  lengths  for  sensible  (i=s)  and 
latent  (i=L)  heat  flux,  respectively.   Then 


('"r-f)('"t-f) 


(5.2.18) 


To  the  first  order  in  z/L,  this  becomes 
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liK. 


'\- 


in  ^  In  ^ 


■•■!H;)•(^L 


(5.2.19) 


Def i  ning 


^0-  ,   z 


In  ^  In 


(5.2.20) 


and 


'©■-'(f) 


then,  to  the  first  order 


'(f)-.;  i 


(5.2.21) 


Substituting  (5.2.10),  (5.2.20),  and  (5.2.21)  into  (5.2.19) 
yields  the  transfer  coefficient  for  non-neutral  stratifica- 
tion. 
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1  + 


In 


In  ^ 


for  i=S,L.      (5.2.22) 


For  consistency  of  units. 


C^  = 


8.64.10^  c  C] 
P   1 


8.64.10   L,  C,^ 
h   1 


for  i=S 


for  i=L 


(5.2.23) 


where  c   is  the  specific  heat  at  constant  pressure,  and  L.  is 
the  latent  heat  of  evaporation.   For  the  values  of  cj  given 
in  (5.1.9)  and  (5.1.10),  the  corresponding  roughness  lengths 
are 


0.0351  cm.    for  i=S 


0.203   cm.    for  i=L 


(5.2.24) 


For  reducing  T  and  q  to  10  m  values,  the  relation 


... '!(,.  ^,) 


for    i=S,L 


is  used.   Assuming  \\)^{Z')=^    (z  =  10m)=ij;\ 


.       .  /In  10^-ln  zl-^\ 
F^z  =  10m)-Fj  =  (F^z.)-F  )f- ^-^) 


for  i=S,L.  (5.2.25) 


Then,  the  sensible  and  latent  heat  fluxes  can  be  calculated 
using  the  relation 


Q.=(0.4843)(l. 15-10"^) 


1  + 


<i)  -r)] 


U(lOm) 


27.12  (T^-T(lOm))    for  i=S 


(5.2.26) 


7.94-  10^(q^-q(10m))  for  i  =  L 


For  the  limiting  case  of  zero  wind  speed,  the  bulk  aero- 
dynamic equations  yield  zero  fluxes.   For  wind  speeds  of 
approximately  50  cm  sec"   and  less,  turbulent  convection 
becomes  significant.   For  such  wind  speeds,  the  following 
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correction  equations  were  used 


Q  =c,p  c  M(T  -T) 
^s   3^a  p   s   ' 


(5.2.27) 


\-'3^,^h^^%-^^ 


(5.2.28) 


The  parameter  M  is  a  function  of  the  virtual  sea-air  temper- 
ature difference.   Values  used  for  M  were  taken  from  a  graph 
by  Webb  (1975).   The  values  of  M  used  range  from  0.110 
cm  sec'   for  a  1  C  virtual  sea-air  temperature  difference  to 
0.260  cm  sec"   for  an  8  C  virtual  sea-air  temperature  differ- 
ence.  The  parameter  M  has  an  approximately  logarithmic  de- 
pendence on  the  virtual  sea-air  temperature  difference  in 
this  range.   For  virtual  temperature  differences  less  than 
1  C,  Q   and  Q,  are  set  equal  to  zero.   With  the  parameters 

S        L 

on  the  right  hand  side  of  (5.2.27)  and  (5.2.28)  in  cgs  units, 

4        -2       -2 
C3  =  4. 184x10  watts  m  /cal  cm   sec.   Then,  Q   and  Q.  are  in 

-2 

um  ts  of  watt  m 

5.3   Longwave  Back  Radiation  from  the  Sea  Surface 
The  effective  back  radiation  is  calculated  from  the 
f 0  rmul a 
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Qg=C2SoT^[T^(0.39-0.05/e)(l-KC2)+4(T^-T)j    (5.3.1) 

-7        -2    -1-4 
where  s=0.97,  a=l. 189x10    cal  cm   day   K   ,  and  C  is  the 

cloudiness  in  tenths.   The  parameter  K  increases  linearly 

with  latitude  from  0.5  at  the  equator  to  0.8  at  70  N.   The 

value  K=0.55  was  used  for  the  back  radiation  fluxes  given  in 

this    report    (Wyrtki,    1966). 


1118 


6.   MOMENTUM,  HEAT  AND  RADIATIVE  FLUXES 
IN  THE  VICINITY  OF  THE  R/V  C.  ISELIN 
IN  THE  C-SCALE  AREA 

In  order  to  calculate  hourly  fluxes  from  the  meteoro- 
logical data  in  Table  1,  linear  interpolation  was  used  for 
missing  temperature,  humidity,  and  wind  speed  data.   The 
sea  surface  temperature  was  assumed  to  have  a  value  of 
27.5°C  at  0000  on  September  2,  1974,  and  27.1°C  at  2100 
on  September  20,  1974.   When  the  surface  pressure  was  rns- 
sing,  it  was  assumed  to  have  a  value  of  1013  mb.   Missing 
cloud  cover  data  were  set  equal  to  3.   The  half-hourly 
radiation  data  were  linearly  interpolated  where  data  were 
missing.   The  radiation  was  assumed  to  be  zero  from  2030 
through  0730  if  data  were  missing  during  those  periods. 

In  Table  2,  where  the  fluxes  are  given,  hourly  radi- 
ation data  were  computed  using  the  relation 


Qf^.=0.25(R._j  +  R.^^)+0.50  R. 


(6.1) 


where  R.  is  the  measured  interpolated  hourly  radiation  value, 
and  R-^.-!  are  the  adjacent  half-hourly  values.   For  a  wind 
speed  greater  than  0.4  m  sec"  ,  the  sensible  and  latent  heat 
fluxes  were  calculated  using  (5.2.26);  otherwise,  (5.2.27) 
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and  (5.2.28)  were  used.   The  longwave  back  radiation  was 

calculated  using  (5.3.1);  the  wind  stress  was  calculated 

using  (5.2.14).   The  Bowen  ratio  is  the  ratio  of  sensible 

to  latent  heat  flux.   The  daily  net  radiation,  R   .,  is 

■^  net 

the  daily  total  incoming  less  back  radiation,  i.e., 

/  '  . 


R 


net  i  j  1 


0 


1 


for  i=0 


2  (Qj^,^-Qg,^)-3600   for  i  =  l,2,...24, 
k  =  l 


(6.2) 


where  i  is  the  hour  of  the  day  and  j  is  the  day.   The  daily 
net  heat  flux  is  the  sum  of  the  daily  total  incoming  radi- 
ation and  the  sensible  and  latent  heat  transport,  i.e.. 


net  i  i  ] 


(6.3) 


^  ^^Rk"^sk"^Lk"^Bk^*^^°°   ^^^    i=l,2,...24 
k  =  1 


The  Richardson  number  was  calculated  using  (5.2.2). 

The  values  in  Table  2  of  sensible  and  latent  heat  fluxes 
and  long-wave  back  radiation  are  graphically  displayed  in 
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Figure  18.   The  values  of  wind  stress,  daily  net  radiation, 
and  daily  net  heat  flux  are  graphed  in  Figure  19. 

The  net  heat  loss  during  the  18-day  period  of  September 
2  through  September  19,  1974,  amounts  to  2.225x10   joule  m"^. 
If  this  loss  were  distributed  uniformly  over  a  depth  of  25  m, 
a  net  cooling  of  approximately  0.2  C  would  have  occurred  over 
the  layer. 
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GATE  -  R/V  ISELIN    1974 

MONTH/DAY PICTURE  NO. TIME-GMT      DIRECTION   SIGNIFICANT  WEATHE 
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GATE  -  R/V  ISELIN     1974 


MONTH/DAY PICTURE  NO.    TIME-GMT       DIRECTION  SIGNIFICANT  WEATHER 
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GATE  -  R/V  ISELIN     1974 

MONJH/DAY  PICTURE  NO.   TIME-GMT        DIRECTION   SIGNIFICANT  WEAT^ 
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MONTH/DAY PICTURE  NO.   TIME-GMT DIRECTION   SIGNIFICANT  WEATHER 
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GATE  -  R/V  ISELIN     1974 

MONTH/ DAY PICTURE  NO.   TIME-GMT        DIRECTION   SIGNIFICANT  WEATHER 
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0857 

NE 

4 

0857 

S 

5 

0857 

E 

1 

1003 

W 

Squall 

2 

1003 

E 

3 

1003 

S 

4 

1003 

SW 

1 

1153 

2 

1153 

3 

1153 

4 

1153 

5 

1153 

1 

1300 

N 

2 

1300 

E 

3 

1300 

S 

4 

1300 

W 
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GATE  -  R/V  ISELIN    1974 


MONTH/DAY PICTURE  NO.   TIME-GMT DIRECTION   SIGNIFICANT  WEATHER 

9/13  1        1502  W       Squall 


9/13  1        1608  W       Squall 


9/13  1        1701  W       Squall 


9/14 


9/14 


9/14 


9/14 


URE  NC 

).   TIME-GMT 

DIRECTION 

1 

1502 

W 

2 

1502 

N 

3 

1502 

E 

4 

1502 

S 

1 

1608 

W 

2 

1608 

N 

3 

1608 

E 

4 

1608 

S 

1 

1701 

W 

2 

1701 

N 

3 

1701 

E 

4 

1701 

S 

1 

0728 

W 

2 

0728 

N 

3 

0728 

E 

4 

0728 

S 

1 

0804 

S 

2 

0804 

W 

3 

0804 

N 

4 

0804 

E 

1 

0818 

E 

2 

0818 

3 

0818 

4 

0818 

1 

0927 

W 

2 

0927 

N 

3 

0927 

E 

4 

0927 

S 

1 

1024 

W 

2 

1024 

N 

3 

1024 

E 

4 

1024 

S 

1 

1114 

W 

2 

1114 

E 

3 

1114 

S 

4 

1114 

N 

9/14  1        0804  S       Squall 


9/14  1        1024  W       Squall 
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GATE  -  R/V  ISELIN    1974 


MONTH/DAY PICTURE  NO.   TIME-GMT DIRECTION   SIGNIFICANT  W£AJH[ ^' 

9/14                 1  1220  N       Squall 

2  1220  E 

3  1220  S 

9/14                 1  1400  W 

2  1400  N 

3  1400  E 

4  1400  S 

9/14                 1  1520  W 

2  1520  N 

3  1520  E 

4  1520  S 

9/14                1  1618  W 

2  1618  N 

3  1618  E 

4  1618  S 

9/14                1  1700  W 

2  1700  N 

3  1700  E 

4  1700  S 

9/14                1  1800  W 

2  1800  N 

3  1800  E 

4  1800  S 

9/15                1  0753  E 

2  0753  S 

3  0753  W 

4  0753  N 

9/15             '    1  0858  E 

2  0858  S 

3  0858  W 

4  0858  N 

9/15                 1  1102  W 

2  1102  N 

3  1102  S 
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GATE  -  R/V  ISELIN     1974 


MONTH/DAY PICTURE  NO.   TIME-GMT DIRECTI  ON   SIGN  IF  I  CANT  WE  AT  HER 

9/15  1        1222  E 

S 

W 
N 

9/15 


9/15 


9/15 


9/15 


9/15 


9/15 


PICTURE  NO 

.       TIME-GMT 

1 
2 
3 
4 

1222 
1222 
1222 
1222 

1 
2 
3 
4 
5 

1301 
1301 
1301 
1301 
1301 

1 
2 
3 
4 

1506 
1506 
1506 
1506 

1 
2 
3 

4 

1600 
1600 
1600 
1600 

1 
2 
3 
4 

1656 
1656 
1656 
1656 

1 
2 
3 
4 

1818 
1818 
1818 
1818 

1 
2 
3 
4 

1938 
1938 
1938 
1938 

1 
2 
3 
4 

0750 
0750 
0750 
0750 

1 
2 
3 
4 

0900 
0900 
0900 
0900 

9/16  1        0750  E 

S 


9/16  1        0900  S 

W 
N 
E 
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GATE  R/V  ISELIN 


1974 


MONTH/DAY 


9/16 


9/16 


9/16 


9/16 


9/16 


9/17 


9/17 


9/ 1 8 


PICTURE  NO. 

TIME-GMT 

1 

1104 

2 

1104 

3 

1104 

4 

1104 

1 

1213 

2 

1213 

3 

1213 

4 

1213 

1 

1257 

2 

1257 

3 

1257 

4 

1257 

1 

1700 

2 

1700 

3 

1700 

4 

1700 

1 

1900 

2 

1900 

3 

1900 

4 

1900 

1 

0725 

2 

0725 

3 

0725 

4 

0725 

5 

0725 

1 

0745 

2 

0745 

3 

0745 

4 

0745 

1 

0733 

2 

0733 

3 

0733 

4 

0733 

5 

0733 

DIRECTION   SIGNIFICANT  WEATHER 


E 
S 

w 

N 
S 

w 

N 
E 

W 
N 
E 
S 

w 

N 
S 
E 

S 
W 
N 
E 

W 
N 
E 
E 
S 

w 

N 
E 
S 

W 
N 
r 


Squall 
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GATE  -  R/V  ISELIN     1974 


MONTH/DAY 

PICTURE  NO. 

TIME-GMT 

DIRECTION 

9/18 

1 
2 
3 
4 

1000 
1000 
1000 
1000 

E 
S 

w 

N 

9/18 

1 
2 
3 
4 

1206 
1206 
1206 
1206 

N 
E 
S 
W 

9/18 

1 
2 

3 
4 

1545 
1545 
1545 
1545 

9/18 

1 
2 
3 
4 

1800 
1800 
1800 
1800 

E 
S 

w 

N 

9/19 

1 
2 
3 
4 

1810 
1810 
1810 
1810 

E 
S 

W 
N 

9/19 

1 
2 
3 
4 
5 

1100 
1100 
1100 
1100 
1100 

N 
E 
S 
S 

w 

9/19 

1 
2 

1200 
1200 

N 

E 

9/19 

1 
2 
3 
4 

1511 
1511 
1511 
1511 

E 
S 
W 
N 

SIGNIFICANT  WEATHER 


Squalls 


Squalls 
Squalls 
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GATE  R/V  ISELIN     1974 


MONTH/DAY PICTURE  NO.   TIME-GMT  DIRECTION   SIGNIFICANT  WEATHER 

9/19                 1  1610  S       Squalls 

2  1610  S 

3  1610  W 

4  1610  N 

5  1610  E 

6  1610  SE 

9/19                 1  1734  S       Squalls 

2  1734  W 

3  1734  N 

4  1734  E 

5  1734  SE 

9/19                 1  1804  S       Squalls 

2  1804  W 

3  1804  N 

4  1804  E 

5  1804  SE 
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A  Spliced  Numerical  Grid  Having 
Applications  to  Storm  Surge 

W,  C.  Thacker 

ABSTRACT 

A  spliced  numerical  grid,  such  as  might  be  used 
to  calculate  storm  surges  simultaneously  within  bays 
and  along  the  open  coast,  is  used  to  obtain  solu- 
tions to  the  shallow  water  wave  equations.   Spuri- 
ous, numerically  induced  flow  is  generated  at  the 
splice,  but  the  amplitude  of  this  noise  is  small  so 
long  as  there  are  no  variations  of  the  solution  on 
the  scale  of  the  grid  spacings.   Analytical  solu- 
tions are  obtained  for  a  two-depth  basin,  and  the 
agreement  with  numerical  solutions  is  excellent  for 
both  trapped  waves  and  seiche  waves.   Such  a  spliced 
grid  with  the  finer  portion  in  shallow  water  has  ad- 
vantages over  a  uniform  grid  in  that  it  resolves  the 
waves  better  over  the  entire  basin  and  in  that  the 
time  step  can  be  larger  for  the  same  resolution  in 
shallow  water. 


1.   INTRODUCTION 

Work  on  a  spliced  grid  has  been  motivated  by  the  need  for 
mathematical  models  capable  of  predicting  hurricane  storm  sur- 
ges in  bays  and  estuaries.   The  National  Weather  Service  is 
using  the  SPLASH  models  of  Jelesnianski  (1970)  to  predict  sur- 
ges along  the  open  coast.   These  models  have  a  grid  spacing  of 
4  nmi,  which  is  sufficient  to  resolve  the  hurricane  and  the 
flow  on  the  continental  shelf  but  is  too  large  to  resolve  the 
flow  within  bays  and  estuaries.   Other  models  (Overland,  1975; 
Reid  and  Bodine,  1968)  with  smaller  grid  spacing  have  been 
used  to  calculate  the  surge  within  bays.   They  require  the  re- 
sults of  a  model  such  as  SPLASH  to  provide  seaward  boundary 
conditions  for  bay  calculations.   Since  there  is  strong 
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coupling  between  the  bay  and  the  shelf  regions,  it  is  neces- 
sary to  use  a  model  that  is  appropriate  to  both  regions. 

One  possibility  is  to  use  a  fine  grid,  appropriate  for 
the  bay,  throughout  the  extended  region  consisting  of  both  the 
bay  and  the  shelf.   However,  this  is  undesirable  for  two  rea- 
sons.  First,  more  computations  than  necessary  must  be  made  in 
the  shelf  region  ih  each  time  step  because  of  the  excess  num- 
ber of  grid  points  there.   More  importantly,  because  the  maxi- 
mum size  of  the  time  step  is  inversely  proportional  to  the 
square  root  of  the  greatest  depth,  an  undesirably  large  num- 
ber of  time  steps  is  needed. 

Another  possibility  is  to  use  a  fine  computational  grid 
for  the  bay  spliced  to  a  coarse  grid  for  the  shelf.   This 
avoids  an  excess  of  computations  in  the  shelf  region  and  al- 
lows for  a  larger  time  step. 

As  a  test  of  such  a  spliced  grid,  normal  modes  of  a 
square  basin  were  computed  and  compared  with  analytic  solu- 
tions.  In  particular,  the  important  case  corresponding  to 
shallow  water  with  a  fine  grid  and  deep  water  with  a  coarse 
grid  was  considered.   Agreement  between  numerical  and  analy- 
tic solutions  for  both  the  trapped  waves  (edge  waves)  and  the 
seiche  waves  was  excellent. 


2.   ANALYTIC  SOLUTION  FOR  A  TWO-DEPTH  BASIN 


Storm  surge  calculations  are  based  on  the  shallow  water 
wave  equations, 

■7--     +     OD     -rr—     =      0 


9V  ^   ^  9H    „ 


dt         dx         9y 


(1) 


where  U  and  V  are  the  x*-  and  y-components  of  transport,  H  is 
the  elevation  of  water  above  mean  sea  level,  D  is  the  depth  of 
the  basin,  and  g  is  the  acceleration  of  gravity.   These  equa- 
tions are  solved  for  the  variable  depth  basin,  illustrated  in 
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Figure  1,  having  depths  Di  for  0<x<L/2  and  D2  for  -L/2<x<0. 
The  boundary  conditions  are  U=0  for  x=±L/2,  and  V=0  for  y=0 
and  y=L.   At  x=0,  U  and  H  must  be  continuous;  the  y-component 
of  the  velocity  V/D,  not  the  transport,  must  also  be  continu- 
ous. 


In  solving  for  the  normal  mode  solutions,  Ui ,  Vi ,  and 
Hi,  which  are  solutions  for  the  region  with  depth  Di  are 
matched  to  corresponding  solutions  U2 ,  V2 ,  and  H2/  for  the 
region  with  depth  D2 .   Thes6  solutions  are  given  by 

\ 


Ui=ni(i5l!i^\      sinki(x-L/2)    co 
V^i'^^yV 


sky    sin   oat 

y 


Vi=rii 


(J^^    CO 


s   ki(x-L/2)    sin  k   y   sin   oot 


Hi=rii    cos   ki(x-L/2)    cos   k   y   cos    wt 


\J2=r)  J?Rl}llL\      sin   k2(x 
V^a^-^^yV 


+L/2)    cos   k   y   sin   cot 


V2=ri2 


Vk^'+kyV 


cos   k2  (x+L/2)    sin   k   y   sin   cot 


H2  =  n2    cos   k2  (x+L/2)    cos   k   y   cos    cot 


> 


(2) 


3 
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y  =  L 


X'-L/e 
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To  maintain  continuity  at  x=0,  oj  and  ky  must  be  the  same  for 
the  two  regions.  The  boundary  conditions,  Vi=V2=0  at  y=0,L, 
require  that  ky=IlIL,  where  n  is  an  integer.   The  wave  numbers 

ki  and  ka  must  be  determined  by  the  continuity  conditions. at. 
x=0. 


k iL  kaL 

Hi  COS  -——   =112  cos  — ^ 


^      ,  .       k  iL  r>      1  kaL 

-m    gDi    ki    Sin   -^  =    ri2    gDa    ka    sm   — j- 


(3; 


and  by  the  dispersion  equations. 


,2_ 


w^=gDi (ki^+ky  )=gD2 (k2^+ky^) . 


4) 


The  solutions  for  ka  can  be  displayed  graphically  as  the 
intersections  of  the  curves  f=fi(9)  and  f=f2(6),  where 


fi    = 


v§t«^-(^)(^y 


f2    =    D: 


k2L 


tan' 


tan 


Di 


(Di-DaUHIl 


^ 


^.  (5) 


A  negative  argument  of  the  square  root  in  the  expression 
for  fi,  corresponding  to  ki^<0,  corresponds  to  waves  trapped 
in  the  shallow  regions  of  the  basin.   For  those  modes,  the 

factors  cos  kj (x-L)  and  sin  k,(x-L/2)  in  (2)  should  be  replaced 

2 
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with  cosh  £i(x-y)  and  sinh  £i(x-L/2),  where  £i^=-ki^<0.   Like- 
wise in  (3)  ,  cos  —J-   and  sin  — i—  become  cosh  -^—   and  -sinh  —k—, 
and  in  (4),  ki^  becomes  -£i^.   Then 


-"^\/(^(x) 


f.  =  DiVl^^i^r-^II^I   -^9^   tanh\/|^^^,-^)li;^]   -^9^  .  (6) 


Note  that  this  is  never  the  case  for  n=0,  i.e.,  for  motion  that 
is  uniform  in.  the  direction  parallel  to  the  interface;  and  fur- 
ther note  that  the  modes  with  most  variation  in  the  direction 
parallel  to  the  interface  are  most  likely  to  be  trapped  in 
shallow  water;  the  greater  the  difference  in  depth,  the  larger 
the  number  of  trapped  modes.   Meyer  (1971)  has  recently  re- 
viewed waves  trapped  by  depth  variations. 

The  graphical  solutions  for  kz    for  a  constant  depth  basin, 
Di=D2,  are  shown  in  Figure  2.   These  solutions  are  the  same  for 
all  values  of  n  since,  for  a  constant  depth  basin,  ka  and  ki 
are  independent  of  ky .   The  solutions  are  k2=ki=EIL.   Thus  the 

normal  modes  can  be  identified  by  the  two  integers,  m  and  n, 
corresponding  to  the  x-  and  y-variations . 

The  corresponding  solutions  for  the  case  Di=4D2  are  shown 
in  Figure  3.   For  unequal  depths,  k2  and  ki  are  no  longer  inde- 
pendent of  k„ .   The  solutions  of  Figure  3  correspond  to 

7T 

k^=—  (n=l) .   Again,  the  x-variation  can  be  identified  by  a  non- 

negative  integer,  m,  which  can  be  chosen  to  be  the  same  as  that 
used  in  the  limit  Di^Da.   The  lowest  mode,  m=0,  which  corre- 
sponded to  no  x-variation  when  Di=D2,  now  has  x-variation  for 
Di=4D2  and  is  a  trapped  wave. 

The  Solutions  for  the  same  case,  Di=4D2,  but  for  the  next 
higher  y-variations  (n=2),  are  shown  in  Figure  4.  Now  the  two 
modes,  m=0  and  m=l,  are  trapped  waves. 

Table  1  contains  the  values  of  k2  and  ki  or  i\    for  modes  - 
with  n£4  and  m£4 .   For  this  case  Di=4D2.   These  values  were 
obtained  by  numerical  solution  of  (5)  and  (6). 


6 

1182 


kzL 


_^2 


Figure   2.      Solid  ourves  represent   /a;  dashed  aurves,    f\.      Solutions  for 
k2=—  Ci^&  represented  by  (mj   .  For  odd  Cm  J   _,  the  curves  intersect 
at  infinity. 
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_k2L 


e=- 


Figure   ?.      Solid  jurves  represent  fi;    dashed  curves.    f\.      The  modes  are 
labeled  fmj  to  correspond  to  Figure   2.      The  zeroth  mode   is  a  trapped 
Wave. 
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Figure  4.      Intersection  of  solid  curve    (fz)  with  the  dashed  curves    (fi) 
give  the  solutions  for  shallow-water  wavenumber^    ^2-  Again,    the  modes 
are   labeled  fmj  to  correspond  to  Figure  2.     Modes  m=0  and  m=2  are 
trapped  waves. 
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Table  2.      Values  of  waventonbers  and  frequencies  for  normal  modes  of 
basin  with  D\=4Dz.      The  integer ^   m,   which  indexes 
the  x-variation  corresponds  to 

ki=k2='^if  Di-^Dz. 


m 

n 

kaL 
2 

kiL 
2 

2 

kyL 
2 

2  gD2 

0 

0 

0 

0 

0 

0 

1 

0 

1.910633 

0. 

,955317 

0 

1.910633 

2 

0 

4.372552 

2. 

.186276 

0 

4.372552 

3 

0 

8.193819 

4. 

,096909 

0 

8.193819 

4 

0 

10.655737 

5. 

,327869 

0 

10.655737 

0 

1 

1.265841 

1. 

,204144 

1.570796 

2.017363 

1 

1 

2.859502 

0. 

,440041 

1.570796 

3.262537 

2 

1 

4.551944 

1, 

,824691 

1.570796 

4.815350 

3 

1 

6.561891 

2. 

,985641 

1.570796 

6.747282 

4 

1 

8.331865 

3. 

.937568 

1.570796 

8.478642 

0 

2 

1.433659 

2. 

.624568 

3.141593 

3.453257 

1 

2 

4.152616 

1. 

.758166 

3.141593 

5.207094 

2 

2 

5.696660 

0, 

.843077 

3.141593 

6.505500 

3 

2 

7.200379 

2, 

.357787 

3.141593 

7.855893 

4 

2 

8.879242 

3, 

.508280 

3.141593 

9.418627 

0 

3 

1.478877 

4. 

.013503 

4.712389 

4.938997 

1 

3 

4.401891 

3. 

.436684 

4.712389 

6.448508 

2 

3 

7.110300 

2, 

.003962 

4.712389 

8.530122 

3 

3 

8.495382 

1, 

.178101 

4.712389 

9.714841 

4 

3 

9.850168 

2, 

.757081 

4.712389 

10.919360 

0 

4 

1.501266 

5, 

.389375 

6.283185 

6.460048 

1 

4 

4.489681 

4, 

.956764 

6.283185 

7.722412 

2 

4 

7.417831 

3. 

.981553 

6.283185 

9.721246 

3 

4 

10.088569 

2, 

.040590 

6.283185 

11.885186 

4 

4 

11.2 

1, 

.435974 

6.283185 

12.890374 

10 

1186 


,,   3.   NUMERICAL  SOLUTIONS  USING  A  SPLICED  GRID 

The  spliced  grid  used  to  calculate  the  normal  modes  of 
the  two-depth  basin  is  illustrated  in  Figure  5  for  a  simple 
case  with  very  few  grid  points.   Calculations  were- made  with 
the  grid  spacing  of  Axi=Ayi=L/30  in  the  deep  region,  and 
Ax2=Ay2=L/60  in  the  shallow  region.   The  spliced  grid  is 
staggered,  with  U,  V,  and  H  calculated  at  different  points. 
The  coordinates  of  the  variables  are  given  in  Table  2. 

The  finite  difference  equations  that  approximate  (1) 
follow. 


rpj-t         T-i?            At            T                     T  'N 

"ll,J="ll,J-5D.st7(Hl^^l,j-Hl^,j);I=l 29;J=1 60 


virwr^go/' 


I, J      I, J 


T+1         T 
Hli    t=Hl 


^y^  ^"^I^j+l-Hll    j)  ;I=l/.../30;J=l,... ,59 


At 


(Ul 


^^^-uir^  ,)-^(vi;'>vi: 


T+h  ^.tT+H  , 


I, J         I, J   Axi         I, J         I-1,J'    Ayi         I, J         I,J-1 


)  ; 


1=1, . . . ,30; J=l, ...  ,60 


^r  (7a) 


"2iJ=U2^J+gD2f^(H2^^^^j-H2^^^);I=l 59;J=1 120 


V2T'^^=V2'r'^^-gD2^P^(H2;    ,,t-H2;    ,)  ;  1  =  1 ,  .  .  .  ,  60  ;  J=1  ,  .  .  .  ,  119 


•I,J"^'-I,J    ^^"Ay/"'^I,J+1    "^I,J' 


T  +  i? 

H2::    i=H2 


^(U2T-'^-U2"^-*-^ 


At 


T+i?    „^T+^ 


)-T^=-(V2Z    ;-V2 


I, J         I, J   Axi         I, J         I-1,J'    Ayi         I,J         I,J-1 


)  ; 


1=1, . . . ,60; J=l, . . . ,120 


^, (7b) 
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Figure   5.      Nu/nerical  grid.      The  H,    11  ^    and  V  fields  are  staggered.      The 
U  field  is  evaluated  along  the  splice. 


12 


1188 


Table  2.     Coordinates  of  variables  on  spliced  grid.     Note  that  the 
variables  Ul(OjJ)  and  U2(0jJ)  are  situated  on  the 
splice.     Further  note  that  the  x-aoordinates 
for  HI 3    U2y   and  V2  are  negative  for 
positive  values  of  I. 


Variable        x-coordinate        y-coordinate  Index   Ranges 


(^^         (^ 


Hid, J)  I     /n      |L  I      en      |L  1=1 ,  .  .  .  ,  30  ;  J=1  ,  .  .  .  ,  6  0 


yTcrj^  \eo~) 


U1(I,J)  I  -FTT   |L  V      /n      /L  1=0,  .  .  .  ,29;J=1,  .  .  .  ,60 


y  60   JL  \  60  y 


V1(I,J)  P^^^    L  -^      L  1=1 30;J=1 59 


-(W>  (W) 


H2(I,J)  -i^^k^L  P^^r4k^  L  1  =  1 60;J=1 120 


I  120  y^  \    120   / 


U2(I,J)  -{.r^]L  \      ,7n     JL  I  =  0,...,59;J=1,...,120 


V2(I,J)  (i^)l  (^) 


1=1, . . . ,60; J=l, . . . ,119 
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"1o>"^o>9^^^^°^)a3ETTa^ 


)); 


J=l, ... ,60 


U2'^"''^  =lui^-'\lm'^-^^     .j=l     59 


"2o,120-4"^0,60-4"^0,59 


^0,1  4^-^0,1  4^-^0,2 


?  , (7c) 


and 


Ul^^^j=0; J=l, . . . ,60;T=0, 1, . . . 


U2^2  j=0'*'J=l'  .  .  .  ,120;T=0,1,  .  .  . 


V1^"|"^=V1^|^^=0;I=1,  .  .  .  ,30;T=0,1, 


V2 


T+i5 


=V2 


T+ij 


1,0    I,N2 


=  0;I  =  1, ,60;T=0,1,  .  .  . 


^  . (7d) 


The  superscripts  refer  to  the  time  step,  and  the  subscripts  re- 
fer to  the  grid  points.   Equations  (7a)  and  (7b)  are  very  much 
alike.   The  notable  difference  is  the  sign  of  terms  in  (7b)  in- 
volving Ax2  differ  from  those  in  (7a)  involving  Axi.   This  is 
because  the  origin  of  the  x-axis  is  taken  at  the  splice,  so  I 
increases  in  the  positive  x-direction  in  (7a)  and  in  the  nega- 
tive x-direction  in  (7b) .   Equations  (7c)  govern  the  perpendicu- 
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lar  transports  at  the  splice.  Only  the  values  appropriate  to 
the  coarse  grid  are  evaluated  from  values  at  previous  time 
steps.  Values  at  points  on  the  fine  grid  are  obtained  by  in- 
terpolation and  extrapolation.  This  is  done  in  the  spirit  of 
the  approximation  involved  in  replacing  derivatives  with  fin- 
ite differences,  i.e.,  a  linear  variation  between  grid  points 
must  be  a  good  approximation.  For  completeness,  the  boundary 
conditions  are  given  in  equations  (7d) . 

Numerical  solutions  for  normal  modes  were  obtained  first 
for  a  basin  of  uniform  depth,  where  Di=D2.   The  numerical  solu- 
tions are  good  if  the  sinusoidal  functions  are  well  resolved 
on  the  coarse  grid.   Two  cases  are  notable.   The  first  cor- 
responds to  no  variations  in  the  solutions  in  the  direction 
parallel  to  the  splice,  corresponding  to  ky=0  in  equations 
(3).   For  this  case,  V=0  both  in  the  analytical  solution  and 
the  numerical  solution.   The  second  case  corresponds  to  no 
variations  in  the  solutions  in  the  direction  perpendicular  to 
the  splice,  corresponding  to  kx=0  in  (3) .   For  this  case,  U=0 
for  all  time  in  the  analytical  solution,  but  U^^O  in  the  numeri- 
cal solution.   This  is  due  to  the  interpolation  in  (7c)  neces- 
sary to  join  the  two  grids.   The  source  of  this  noise  in  the  U 
field  is  illustrated  in  Figure  6.   The  level  of  the  noise  can 
be  controlled  by  controlling  the  number  of  grid  points  per 
wavelength,  since  linear  interpolation  involves  the  same  ap- 
proximation as  replacing  derivatives  by  finite  differences. 
Although  the  noise  is  most  apparent  in  the  U  field,  there  is 
also  noise  in  the  H  and  V  fields  that  is  less  noticeable  since 
it  may  be  only  one  percent  of  the  calculated  value,  rather  than 
the  entire  value,  which  must  be  the  case  when  comparing  to  U=0. 
Even  the  noise  in  the  U  field  would  not  be  apparent  if  only  the 
first  two  digits  of  the  numerical  solutions  were  displayed. 
This  noise  due  to  interpolation  might  appear  in  any  attempt  -o 
use  a  non-uniform  grid.   So  long  as  there  is  little  energy  in 
the  shortest  wavelengths,  this  noise  is  not  expected  to  be  a 
problem. 

The  spliced  grid  shown  in  Figure  5  is  ideally  suited  for 
the  case  Di=4D2  because  it  resolves  the  normal  modes  equally  ■' n 
the  two  regions.   This  can  be  seen  from  equation  (4) .   The  wave- 
lengths in  the  two  regions  are  given  by  A  i=27t/ (ky^+k  i  ^ )  ^  or 
Ai=27r/(k^-ili2)^  and  X2=27t/ (ky2+k2 ' )  ^,  so  from  (4),  Ai=2A2. 
Because  the  grid  spacing  is  twice  as  large  in  region  1  as  in 
region  2,    the  number  of  grid  points  per  wavelength  is  given  by 
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Figure   6 
The  vat 
should 
though 
analyti 
due   to 
zero  va 
finite 
a  good 
is   low. 


The  sinusoid  curve  represents  an  H  field  along  the  splice, 
ue  H2  represents  an  interpolated  value  of  the  H2  field  that 
compare  with  the  value  HI  directly  across  the  splice.      Al- 
there  is  no  change  in  the  elevation  of  the  H  field  in   the 
oal   solutions y    there   is  an  induced  sloped  across   the  splice 
the  interpolation.      It  is  this  slope  which   leads  to  non- 
lues  of  the  U  field  in  the  numerical  solution.      When  the 
difference  approximation  is  good^    linear  interpolation  is 
approximation,   and  the   level  of  the  noise  in  the  U  field 
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60Tr/ (a3L/2N/gD)  ,  which  is  greater  than  10  for  all  of  the  modes 
listed  in  Table  1.   Thus,  all  of  these  modes  are  fairly  well 
resolved  on  the  grid,  and  numerical  results  should  be  good  to 
a  few  percent.   The  maximum  time  step  determined  by  the  stabil- 
ity conditions,  At=Axi/ (2gDi ) ^  and  t=Ax2/ (2gD2 ) ^ ,  is  the  same 
for  both  regions  of  the  grid.   For  a  uniform  grid,  the  time 
step  would  be  determined  by  the  deep  region. 

Table  3  compares  the  dimensionless  frequencies,  coL/2\/gD 
obtained  by  counting  the  number  of  sign  changes  of  the  height 
field  at  each  computational  point  in  one  thousand  time  steps 
with  the  analytical  results  listed  in  Table  1.   The  frequen- 
cies were  found  to  be  the  same  at  all  grid  points  in  both  re- 
gions, except  for  modes  with  n=4.   For  those  cases,  the  number 
of  sign  changes  was  not  accurately  counted  in  regions  where  the 
height  field  was  essentially  zero  at  all  times.   For  most  of 
the  points,  however,  the  frequency  was  found  to  be  constant, 
even  for  n=4.   The  agreement  shown  in  Table  2  is  quite  good, 
with  differences  between  computed  and  analytical  results  of 
less  than  a  few  percent  as  expected  from  the  resolution  of  the 
grid. 


4.   DISCUSSION 

The  excellent  results  of  this  test  suggest  that  a  similar 
spliced  grid  can  be  used  in  numerical  models  of  storm  surges 
for  bays  and  estuaries.   The  principal  restriction  is  that 
there  be  no  wave  components  of  the  solutions  that  can  be  repre- 
sented on  the  fine  grid  but  not  on  the  coarse  grid.   Since 
wave  lengths  increase  from  shallow  to  deep  water,  this  restric- 
tion is  not  severe.   Another  way  of  stating  this  restriction  is 
that  the  solutions  must  be  sufficiently  smooth  that  the  inter- 
polations necessary  at  the  grid  splice  be  a  good  approxima- 
tion.  But  that  is  exactly  the  usual  requirement  that  a  finite 
difference  must  be  a  good  approximation  of  a  derivative  for 
the  numerical  solution  to  be  valid. 
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''able   Z.      A   Comparison  of  values  for  (x>L/2\/gD  obtained  nwnerically 
and  analytically  for  normal  modss    (rrijn) 


Mode  Dimensionless  Frequency 

m  n  Computed  Analytical 


1  0 

2  0 

3  0 

4  0 

0  1 

1  1 

2  1 

3  1 

4  1 

0  2 

1  2 

2  2 

3  2 

4  2 

0  3 

1  3 

2  3 

3  3 

4  3 

0  4 

1  4 

2  4 

3  4 

4  4 


1.87 

1.91 

4.40 

4.37 

8.13 

8.19 

10.66 

10.66 

2.00 

2.02 

3.20 

3.26 

4.80 

4.82 

6.80 

6.75 

8.53 

8.48 

3.47 

3.45 

5.27 

5.21 

6.63 

6.51 

7.97 

7.86 

9.60 

9.42 

5.00 

4.94 

6.49 

6.45 

8.55 

8.53 

9.86 

9.71 

11.11 

10.92 

6.42 

6.46 

7.73 

7.72 

9.73 

9.72 

11.90 

11.89 

12.83 

12.89 
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A  TRANSFORMATION  RELATING  TEMPORAL 

AND  SPATIAL  SPECTRA  OF  TURBULENT 

KINETIC  ENERGY 

W.  C.  Thacker 


ABSTRACT.  A  transformation  is  developed,  based  upon  the  scale  dependence  of  turbulent 
diffusion,  that  relates  temporal  and  spatial  spectra  of  turbulent  kinetic  energy.  The  basic 
idea  IS  that  an  eddy  diffusivity  is  appropriate  when  scales  of  the  flow  smaller  than  a  length 
(  and  a  timer  are  unresolved.  An  expression  similar  to  Heisenberg's  for  eddy  diffusivity  is 
used  to  obtain  the  connection  between  (  and/  necessary  to  transform  temporal  spectra  into 
spatial  spectra.  This  transformation  reveals  a  close  connection  between  Webster's  Site  D 
spectrum  of  turbulent  kinetic  energy  in  the  ocean  and  Okubo's  diagrams  of  oceanic  mixing. 
Furthermore,  all  spectra  obtained  from  dimensional  arguments  satisfy  this  transformation. 


1.  Introduction 

An  important  quantity  in  the  theory  of  turbu- 
lence is£'(it),  the  spatial  spectrum  of  kinetic  en- 
ergy. To  measure £(Ar)  is  difficult  since  it  requires 
sampling  the  velocity  field  at  many  spatial  points 
simultaneously.  It  is  much  easier  to  record  a  time 
series  of  the  velocity  at  one  point,  from  which 
^{(li),  the  temporal  spectrum  of  kinetic  energy, 
can  be  obtained.  Therefore  a  transformation  is 
needed  that  will  allow£'(it)  to  be  calculated  if  <l>(a>) 
is  known.  The  usual  transformation  is  based  upon 
Taylor's  (1938)  hypothesis  of  frozen  turbulence, 
which  is  valid  only  if  there  is  a  strong  mean  flow. 
The  purpose  of  this  paper  is  to  present  a  new 
transformation  that  should  be  valid  in  the  absence 
of  a  mean  flow.  To  stress  the  contrast  with  the  idea 
of  frozen  turbulence  the  term  "frost-free  turbu- 
lence" is  used. 

The  frost-free  turbulence  transformation  is 
motivated  by  the  results  of  dye-diffusion  experi- 
ments in  the  ocean  as  summarized  by  Okubo's 
(1971)  diagrams.  His  first  diagram,  reproduced 
here  as  Figure  1,  illustrates  that  the  spatial  and 
temporal  scales  of  turbulence  can  be  related. 
This  is  certainly  necessary  if  there  is  to  be  a  trans- 
formation that  can  relate  <t>(a>)  and  £(*).  His  sec- 
ond diagram,  Figure  2,  shows  the  scale  depen- 
dence of  the  eddy  diffusivity.  An  expression  for 
scale  dependent  diffusivity,  such  as  Heisen- 
berg's (1948)  expression  for  eddy  viscosity,  is 
central  to  this  transformation.  The  transformation 


is  insensitive  to  the  exact  form  of  this  expression 
because  (t>(aj)  and  E{k)  fall  off  rapidly  with  in- 
creasing w  and  k. 

This  transformation  is  obtained  in  two  ways. 
First  ^[m)  and£'(A:)  are  related  through  the  more 
general  spectral  density, S(A:,w),  which  expresses 
both  spatial  and  temporal  variations.  A  compari- 
son is  made  with  the  frozen  turbulence  case,  and 
a  more  general  transformation  is  suggested  that 
has  the  limits  of  frozen  turbulence  and  frost-free 
turbulence,  depending  upon  whether  advection 
or  diffusion  dominates.  Then  a  heuristic  derivation 
IS  given,  based  upon  a  mechanism  for  turbulent 
mixing.  The  idea  here  is  that  the  mixing  is  due  to 
shear  dispersion  on  all  scales.  The  results  of  a 
two-layer  model  for  the  shear  effect  are  iterated 
over  all  scales  to  obtain  expressions  for  the  scale 
dependence  of  turbulent  diffusivity  from  which 
the  frost-free  turbulence  transformation  follows. 

Because  it  is  difficult  to  measure  Ei)i),  it  is 
difficult  to  test  the  validity  of  this  transformation 
directly.  Two  indirect  tests  are  discussed  here. 
The  first  is  a  comparison  of  a  temporal  spectrum 
of  kinetic  energy  of  turbulence  in  the  ocean  ob- 
tained by  Webster  (1969)  with  the  diffusion  data 
displayed  by  Okubo  (1971).  It  should  be  em- 
phasized that  no  theory  is  presented  for  the  ob- 
served shape  of  this  spectrum.  That  is  a  dynami- 
cal problem,  and  the  transformation  discussed 
here  should  be  regarded  as  kinematical.  The 
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comparison  shows  that  the  two  types  of  data  are 
in  excellent  agreement.  The  second  test  is  pro- 
vided by  a  dimensional  argument.  If  it  is  assumed 
that  only  one  dimensional  constant  is  important, 
then  consistent  forms  for£:(A:)  and  <i>{co)  can  be 
obtained.  Again,  it  should  be  emphasized  that  it  is 
unimportant  whether  such  a  dimensional  argu- 
ment can  be  applied  to  real  data.  What  is  impor- 
tant is  that  the  forms  for£'(it)  and  4>(ct»)  obtained 
from  the  dimensional  argument  are  indeed  re- 
lated through  the  frost-free  turbulence  transfor- 
mation. 


2.  The  Frost-Free  Turbulence 
Transformation 

A  turbulent  velocity  field  can  be  considered 
to  be  a  random  function  of  space  and  time.  If  the 
turbulence  is  statistically  homogeneous,  iso- 
tropic, and  stationary,  then  the  variance  in  the 
velocity  field  {u^{x,t))  can  be  represented  in 
terms  of  spectral  density,  S{k,oj).  The  temporal 
and  spatial  spectra  are  obtained  from  S{k,oj)  by 
integrating  over  wavenumbers  and  frequencies, 
respectively: 


<I>(a>)=     dkS{k,o)) 


E(k)  =       d(oS{k,(jj) 


(1) 


Thus,  <t>  is  related  to  E  through  S{k,cD). 

In  general,  a  single  frequency  does  not 
correspond  to  a  single  wavenumber.  Neverthe- 
less, it  IS  clear  that  high  frequencies  correspond 
to  high  wavenumbers  and  low  frequencies  to  low 
wavenumbers.  For  example,  oceanic  motion  with 
a  scale  of  hundreds  of  kilometers  is  expected  to 
correspond  to  time  variations  on  the  scale  of 
months,  not  seconds.  Therefore,  it  should  be 
reasonable  to  assume  that,  for  any  wavenumber, 
S(k,u))  IS  sharply  peaked  at  a  single  frequency 
and,  for  any  frequency,  S(k,a))  is  peaked  at  a 
single  wavenumber.  This  can  be  expressed  in 
two  ways. 


S{k,(o)  -  E(k)8{w-fik)) 
Sik,cj)  =  ^((jj)8{k-g(oj)) 


(2) 


which  are  equivalent  if  the  functions/  and  g  are 
the  inverses  of  each  other.  The  Dirac  delta  func- 
tions can  be  considered  as  approximating  more 
general  distributions  with  finite  widths. 

1199 


10» 

-!■'■]           1            1               I 

1 

1       1        1          1 

®  Rheno 

A  1964  V 

t"  / 

D  1962  11 

-North  Sea 

/ 

-     O  1962  II 

®  / 

0  1961  1 

1013 

/           — 

♦  No  r 

/ 

-      ♦  No.  2 

/ 

A  NO.  3          O" 
-      0  No   4    •    Cape 

/        . 

DNo    5 

Kennedy 

A,® 

10'2 

-    O  No.  6_ 

® 

r 

.     €>  New  York  Bight 
«  =  a" 

-     *  =  b 

® 
/ 

'      ' 

O  =  c 

Off 

J 

to 

1  10" 

®  =  d 

"California 

»P/ 

— ■ 

«  =  e 

♦  ^ 

_ 

^  <_> 

(t  =  f_ 

/ 

b" 

H  Banana  River 

o°^^                           J 

..    6  ^ 

10>» 

_  <^  Manokin  River 

-/.W 

- 

- 

- 

- 

/        a 

- 

^ 

'& 

105 

*    / 

rfs 

o     a 

- 

«  / 

108 

/ 

— 

t     f 

- 

,® 

.        Hourf  /® 

Day 

Week      Month 

10' 

®/ 

1 

1     1        , 

100  km 


-  10  km 


1  km 


100  m 


103 


10« 


105 
Time  (sec) 


10* 


10' 


Figure  1.  Variance  of  dye  concentration  (size  of  dye 
patch)  versus  diffusion  time  (time  elapsed  since  the 
dye  was  introduced  as  a  point  source).  (After  Okubo, 
1971.) 

Using  (1)  with  (2),  transformations  connect- 
ing E  and  ^  can  be  obtained; 

E{g((o)) 


<I)(w) 


E(k) 


<i>{J{k)) 


(3) 


g'ifik)) 

Thus,  the  frost-free  turbulence  transformation  will 
depend  upon  the  form  of  the  function/,  its  inverse 
g,  and  their  derivatives/'  and  g' . 

Clues  for  the  form  of  /  can  be  found  in 
Okubo's  (1971)  dye  diffusion  diagrams.  Figure  1 
shows  the  relationship  between  the  width  of  a  dye 
patch  and  the  duration  of  the  dye  diffusion  exper- 
iment. This  is  the  connection  between  space  and 
time  scales  that  is  to  be  expressed  by/.  The  fact 
that  the  slope  of  the  line  drawn  through  the  data  is 
greater  than  one  indicates  that  turbulent  diffusion 


expression  for  the  scale  dependence  used  here 
is 
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Figure  2.  A  diffusion  diagram  for  apparent  diffusivity  ver- 
sus scale  of  diffusion.  (After  Okubo,  1971.) 


is  scale  dependent.  Okubo  obtains  a  scale  de- 
pendent diffusivity  K  from  these  data  using  the 
expression 


('  -  2Kt 


(4) 


to  relate  the  width  of  the  dye  patch  /  to  the  dura- 
tion of  the  experinnent  /.  Figure  2  shows  K  plotted 
against  / .  Equation  (4),  plus  an  expression  for  the 
scale  dependence  of  K,  gives  the  relation  be- 
tween spatial  and  temporal  scales  necessary  to 
define  the  functions/  and  g. 

It  IS  easy  to  understand  why  turbulent  diffu- 
sion should  be  scale  dependent.  The  spreading 
of  the  dye  patch  can  be  due  only  to  those  eddies 
that  are  smallerthan  the  dye  patch.  Larger  eddies 
serve  only  to  advect  and  to  distort  the  dye  patch. 
At  a  later  time  when  the  dye  patch  is  larger,  larger 
eddies  are  available  to  contribute  their  energy  to 
the  mixing.  Thus,  the  mixing  proceeds  faster  as 
;he  dye  patch  gets  larger. 

Those  eddies  smaller  than  the  dye  patch, 
having  wavenumbers  greater  than  ^,  are  para- 
meterized by  the  diffusivity  K  As  /  gets  larger, 
so  does  K   Thus,  Af  is  a  function  o\  k  =  ~.  The 
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E(k')dk' 
k'^ 


(5) 


where  C  is  a  dimensionless  constant  of  propor- 
tionality of  order  one.  This  is  an  expression  quite 
similar  to  that  used  by  Heisenberg  (1948)  for 
eddy  viscosity,  and  is  exactly  that  found  by  Tchen 
(1973,  1975)  and  Nakano  (1972)  from  their 
dynamic  theories  of  turbulence.  A  heuristic  deri- 
vation of  this  expression,  based  upon  the  idea 
that  the  mechanism  of  turbulent  mixing  is  shear 
dispersion  on  all  scales,  is  given  below. 

The  parameter/^,  evaluated  according  to  (5), 
accounts  for  the  effects  of  eddies  with  wavenum- 
bers larger  than  k  =  ■^where  ^  is  the  width  of 
the  dye  patch.  The  basic  assumption  made  here 
is  that  these  eddies  correspond  to  frequencies 
greater  than  a>  =  — ,  where  /  is  the  duration  of 
the  dye  experiment  corresponding  to  the  width  f. 
Thus,  0)  is  related  to  k  and  K  by  equation  (4), 


OJ^TT-'Kk\ 


(6) 


Equation  (6)  expresses  the  relationship  between 
o)  and  k  that  is  necessary  to  transform  <t>{o))  into 
E{k).  This  should  be  thought  of  as  a  statistical 
assumption  for  several  reasons.  First,  since,  in 
general,  there  is  no  one-to-one  relationship  be- 
tween frequencies  and  wavenumbers,  the  rela- 
tionship expressed  by  (6)  must  be  statistical  in 
the  sense  that  it  is  a  "most  likely"  relationship. 
Second,  it  is  statistical  since  the  parameter  K  is 
assumed  to  represent  the  average  effect  of  the 
small  scales.  It  is  clear  that  (6)  should  be  valid 
only  when  the  small  scales  can  be  described  by 
an  eddy  diffusivity.  Finally,  implicit  in  (6)  is  the 
idea  of  ergodicity:  a  spatial  average,  a  temporal 
average,  and  an  ensemble  average  should  all  be 
equivalent.  A  time  series  of  length  t  determines 
(l5(w)  for  w  >  y?.  Likewise,  a  spatial  profile  of 
length  {  determines  E{k)  for  k  >^.  If  the  time 

series  is  measured  simultaneously  with  the  dye 
experiment,  it  seems  most  reasonable  to  relate  w 
and  k  according  to  (6).  Clearly,  the  results  for 
each  experiment  should  vary  somewhat,  but  it  is 
reasonable  to  think  of  a  most  likely  result  that 
represents  the  average  of  an  ensemble  of  experi- 
ments. It  is  in  this  way  that  (6)  should  be  inter- 
preted. 


By  substituting  (5)  into  (6),  the  expression  for 
/  is  determined; 


f(k)  =  Tr-'k' 


E(k') 


dk' 


1/2 


(7) 


The  corresponding  expression  forg  is  found  by 
inverting/.  The  simplest  way  to  do  this  is  to  take 
advantage  of  the  fact  that  E(k)  is  simply  a  trans- 
formation of  <I>(w).  This  implies  that  K  can  also  be 
expressed  as  an  integral  of  4>(a>)  over  frequencies 
greater  than  w,  and  that  expression  can  be  used 
in  (6)  to  obtain  g.  To  obtain  that  expression,  first 

write  (5)  in  differential  form  as  dK  =  -  C^^j)^, 

and  then  use  (6)  and  the  identity  Ei,k)dk  =  ^{ix})du} 
to  obtain  dK  =  -  ^  <^ioj)doj 

grated  to  give 


This  can  be  inte- 


a:  = 


In 


^ia)')duj' 


(O 


Now,  (8)  and  (6)  yield 


giOii)   = 


277^ 


^{(D')d(o' 

(o' 


(8) 


(9) 


Equations  (7)  and  (9),  together  with  (3),  de- 
termine the  frost-free  turbulence  transformation,  it 
IS  simplest  to  write  this  in  terms  of  K, 


In 


(I)(aj)  = 


/^^(v^ 


4kK^-C  E  J  JT^ 


K     ' 


F(k)=     4AA:^^(7r-'A:^') 

'     '  2TTK+C<P{TT^'Kk^) 


1 


(10) 


where  K  is  given  by  (5)  and  (8),  respectively. 
Equations  (5)  and  (8)  will  be  discussed  further  in 
section  5.  Equations  (10)  will  be  compared  with 
results  of  experiments  in  section  3  and  with  re- 
sults of  dimensional  arguments  in  section  4. 

Equations  (2)  can  be  used  to  obtain  the 
frozen  turbulence  transformation  also.  For  that 
case,/(*)  =  Uk  and  g{io)  =  co/U,  where  U  is  the 
mean  velocity  that  advects  the  frozen  turbulence. 
Using  (3),  the  frozen  turbulence  transformation  is 
given  by 

4>(a>)=i£(^) 
E{k)  =  U<i>{Uk) 

It  is  possible  to  construct  a  more  general 
transformation  that  reduces  to  frozen  turbulence 


when  advection  dominates  diffusion  and  to  frost- 
free  turbulence  when  diffusion  dominates  advec- 
tion. One  possibility  is  through  the  use  of  the 
function 

f{k)  =  Uk  +  77-'  Kk^ 

and  its  inverse,  where  K  is  given  by  (5)  and  (8),  as 
before.  This  leads  to  the  transformation 


Eik)  = 


[IttVK  +  4kK'^)<l>(,Vk  +  TT''Kk' 
IttK  +  C^iUk  +  TT-'Kk') 


If  the  trend  is  removed  from  the  time  series  from 
which  <t>  is  to  be  obtained,  then  the  information 
concerning  the  mean  velocity  U  is  lost  so  the 
transformation  given  in  (9)  should  be  used. 


3.  A  Comparison  With  Data 

A  direct  test  of  the  frost-free  turbulence  trans- 
formation given  by  equations  (10)  is  impossible 
since  the  data  necessary  to  evaluate  £(*)  are  un- 
available. Nevertheless,  long  time  series  of  the 
velocity  at  one  point  in  the  ocean  have  been  ob- 
tained, so  (l>(a>)  is  available.  Such  a  spectrum 
from  Site  D  (Webster,  1969)  is  shown  in  Figure  3. 
This  can  be  compared  with  Okubo's  (1971)  dye 
diffusion  diagramts  to  check  whether  the  trans- 
formation is  reasonable. 

It  is  possible  to  evaluate  the  diffusivity  from 
(8)  numerically  using  the  data  in  Figure  3.  How- 
ever, for  simplicity,  these  data  are  approximated 
by  the  formula 


<t>{(Xi) 


cu 


(1 


This  does  not  imply  that  there  is  any  dynamic  sig- 
nificance to  the  exponent  -4/3.  This  exponent 
was  chosen  simply  to  represent  the  gross  be- 
havior of  the  spectrum  over  the  entire  range  of 
frequencies.  The  details  of  the  tidal  and  inertial 
peaks  in  the  spectrum  should  contribute,  at  most, 
shoulders  to  the  curve  of  diffusivity  versus  fre- 
quency scale.  Substituting  (1 1)  into  equation  (8) 
yields 


K 


~  ,.^■i|■^ 


Using  this  in  (6),  with  ( 


2^  andr=^^ 


gives 


k  oj 

a  relation  between  spatial  and  temporal  scales. 


/- 


t" 


(12) 


This  is  exactly  the  behavior  shown  in  Figure  1 .  Of 
course,  the  data  in  Figure  2  are  well  described  by 


D  -  e' 


(13) 
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Period,  Hours 
24 


constant.  For  example,  it  this  constant  is  e,  the  rate 
ot  energy  dissipation,  then  the  dimensional 
argument  gives  the  familiar  results  for  the  inertial 
subrange;  E{k)  ~  k^'"''-'  and  (t>(a>)  ~  w^  No 
attempt  is  made  here  to  argue  that  a  single 
dimensional  constant  is  appropriate  for  the  entire 
spectrum  shown  in  Figure  3.  Perhaps  it  is 
possible  to  divide  the  spectrum  into  subranges  in 
which  a  single  constant  is  important,  but  that  is 
not  assumed.  The  point  is  that  if  such  a  subrange 
does  exist,  then  the  dimensional  argument  for  the 
subrange  is  in  agreement  with  the  frost-free 
turbulence  transformation. 

Suppose  that  the  one  important  dimensional 
constant  Q  has  dimensions  X"T''.  Then  E  and  <t> 
must  have  the  following  forms  in  order  to  be  di- 
mensionally  correct: 


E{k)~'Q 


^( 


0"^ 


{¥ 


+  3 


+  1 


(14) 


For  the  case  where  Q  is  taken  to  be  e,  the  expon- 
ents a  and  b  are  2  and  -3,  respectively. 

These  forms  can  be  seen  to  be  consistent 
with  frost-free  turbulence.  Suppose  that  (I>(aj)  ~ 


.01  .1  1 

Frequency,  Cycles  Per  Hour  (c.p.h.) 

Figure  3.  Kinetic  energy  density  spectrum  on  a  log-log 
plot  for  a  set  of  current  measurements  collected  at 
120-m  depth.  Minus-four-thirds  and  minus-five-thirds 
slopes  are  indicated.  (After  Webster,  1969.) 

obtained  using  equations  (4)  and  (12),  since 
Okubo  uses  (4)  to  transform  the  data  from  Figure 
1  to  Figure  2. 

In  making  this  comparison,  two  equations  were 
used,  (6)  and  (8).  These  are  the  two  equations 
that  define  frost-free  turbulence  transformation. 
Equation  (6)  relates  frequencies  to  wavenumbers 
through  the  eddy  diffusivity,  and  equation  (8)  ex- 
presses the  scale  dependence  of  the  eddy  dif- 
fusivity. The  agreement  found  when  these  two 
sets  of  data  are  compared  in  this  way  is  evidence 
that  this  transformation  is  indeed  valid. 

4.  A  Comparison  With  A 
Dimensional  Argument 

A  dimensional  argument  also  provides  a 
transformation  connecting  <P{o))  and  E{k).  This 
argument  is  based  upon  the  assumption  that  the 
spectra  depend  upon  only  one  dimensional 
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1 2b 


-1-1),   and  calculate  E{k) 


lo",  where  P  =  -  ^  a 

using  the  frost-free  transformation  (10).  The  result 

is 

fjp-i 

E{k) 


f,\p+i 


(15) 


which  is  exactly  what  is  given  in  (14)  when 


P  = 


1 2b 


+  1 


Dimensional  arguments  can  also  be  made 
for  the  diffusivity  and  for  the  width  of  the  dye  patch: 


K-Q 


{'-Q 


-    2+- 


2p 
p+\ 


a         a         p+ I  I 


(16) 


These  results  are  also  in  agreement  with  frost- 
free  turbulence,  as  can  be  seen  from  equations 
(5)  and  (6)  with  £:(*)  given  by  (15). 


5.  Shear  Dispersion 

It  is  possible  to  derive  the  frost-free  turbu- 
lence transformation  using  tfie  idea  ttiat  the 
mechanism  for  turbulent  mixing  is  shear  disper- 
sion on  all  scales.  Such  a  derivation  should  clarify 
the  idea  of  scale  dependent  diffusion  that  is 
intrinsic  to  the  transformation  described  here. 
It  should  also  clarify  the  manner  in  which  the 
advection  of  small  eddies  by  large  eddies  is  in- 
corporated into  the  transformation. 

Shear  dispersion  was  discussed  by  Taylor 
(1953,  1954)  in  the  context  of  longitudinal  disper- 
sion in  pipes.  He  found  that  an  enhanced  dif- 
fusivity  was  needed  to  account  for  the  dispersion 
of  contaminant  introduced  into  the  flow.  This 
enhanced  diffusivity  is  appropriate  in  conjunction 
with  the  cross-sectional  average  of  the  contami- 
nant concentration.  The  enhancement  is  due  to 
the  combined  action  of  shear  and  cross-shear 
mixing,  features  that  are  unresolved  when  we  are 
dealing  with  cross-sectional  averages,  and 
whose  effects  are  accounted  for  by  the  enhanced 
diffusivity. 


This  shear  dispersion  relates  to  turbiJlent 
diffusion  in  two  ways.  First,  the  eddy  diffusivity 
can  likewise  be  considered  as  parameterizing 
the  details  of  the  flow  that  are  averaged  out.  The 
value  of  the  diffusivity  appropriate  to  a  given  scale 
is  determined  by  those  details  of  the  flow  that  are 
smaller  than  this  scale.  Second,  the  mechanism 
of  turbulent  mixing  is  shear  dispersion  on  all 
scales.  At  any  scale  there  are  eddies  that  provide 
shear,  and  there  are  smaller  eddies  that  provide 
mixing  across  this  shear.  As  the  scale  is  in- 
creased, the  eddy  diffusivity  must  be  enhanced 
to  account  for  the  additional  shear  and  cross- 
shear  mixing  that  is  averaged  out. 

From  the  point  of  view  of  someone  numerical- 
ly modeling  the  flow,  this  is  clear.  Eddy  diffusivity 
is  used  to  parameterize  mixing  due  to  sub-grid 
scale  motion.  For  a  coarser  numerical  grid,  a 
larger  value  of  diffusivity  is  needed  to  account 
for  the  mixing  that  would  be  explicitly  resolved 
on  a  finer  grid. 


A  simple  two-layer  model  of  shear  dispersion  can  show  how  the  diffusivity  is  enhanced  as  the  details 
of  the  shear  are  averaged  over.  This  model  is  given  by  the  equations. 


and 


dt 

dC2 
dt 


+  «. 


+  u. 


dx 

dC.2 

dx 


-f(C,-  C,) 


+  K 


[C,  -C,)  +  K 


dx' 

dx'' 


i 


(17) 


governing  the  contaminant  concentrations  C,  and  C.>  in  the  layers  of  fluid  with  velocities  u,  and  U2  The 
contaminant  mixes  from  the  more  concentrated  to  the  less  concentrated  layer  with  a  mixing  time  T. 
Longitudinal  diffusion  within  each  layer  is  described  by  a  diffusivity  K.  If  both  T  and  K  are  due  to  eddies 
that  are  unresolved  in  this  two-layer  description,  then  they  should  be  related  by 


f  =  IKT, 


(18) 


where  /  is  the  thickness  of  the  layers. 

The  reason  for  considering  this  model  is  to  illustrate  the  -elationship  of  the  mean  concentration, 
C  ^^(C^  +  C2),  as  determined  by  (17),  and  the  solution  of  the  advection-diffusion  equation, 


dc 
dt 


+  u     ^ 


dx 


K* 


d''C 
dx' 


(19) 


--  1 


which  should  be  appropriate  when  the  details  of  the  two  layers  are  averaged  out.  Hereu  =—-  («,   -t-  u, 
is  the  average  velocity  and  K*  is  the  enhanced  diffusivity. 

Equations  (17)  can  be  combined  to  show  thatC  must  satisfy 


[( 


4-+  u  ^-  K 


dt 


dx 


d' 
dx' 


^-fd--^-*^ 


dx' 


■{^u) 


d' 
dx' 


C  =  0, 


(20) 
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where  A« 


_  1 


«,  -  «2)  This  is  not  exactly  equation  (19);  however,  if  the  first  term  were  negligible,  then 


itwould  bethesanneas(19)with 


K*  =K  +  jiAufT. 


(21) 


Careful  analysis  (Thacker,  1 975)  can  show  that  ignoring  this  first  ternn  is  equivalent  to  resolving  only  those 
changes  in  C  that  are  slower  than  the  mixing  time  T  and  those  spatial  details  thai  are  larger  than  a  mixing 
length  x  =  {2K*T)"'^.  Note  that  T  and  x  are  related  according  to  equation  (4),  the  equation  that  relates 
length  and  time  scales  for  the  frost-free  turbulence  transformation. 


On  the  other  hand,  for  small  changes  in  time, 
the  first  term  in  equation  (19)  is  important  and  the 
second  term  is  negligible.  The  reason  for  this  is 
that  in  a  short  enough  time,  a  negligible  amount  of 
mixing  between  the  layers  occurs.  In  this  limit, 
advection  within  each  layer  is  important  and  an 
enhanced  diffusivity  parameter  does  not  apply. 
However,  each  time  a  bit  of  contaminant  crosses 
to  the  other  layer,  its  direction  reverses.  This  gives 
a  long-term  net  effect  of  a  random  walk  and 
diffusion-like  behavior.  Thus,  shear  dispersion  is 
like  either  advection  or  diffusion,  depending  upon 
the  scale  of  the  observation.  If  all  of  the  details  of 
the  flow  are  resolved,  shear  dispersion  is 
differential  advection.  But  if  these  details  are 
ignored,  which  corresponds  to  filtering  out  high 
frequencies  and  high  wavenumbers,  then  shear 
dispersion  can  be  represented  by  an  enhanced 
diffusivity. 

Equation  (21 )  can  be  generalized  to  the  case 
of  turbulent  mixing.  The  shear  of  the  two-layer 
flow  can  be  thought  of  as  representing  an  eddy  of 
arbitrary  scale  in  a  turbulent  flow  and  the  mixing 
as  due  to  smaller  eddies.  If  the  resolution  is 
decreased,  then  the  eddy  that  represented  the 
shear  contributes  to  the  mixing  across  the  shear 
of  a  still  larger  eddy.  Thus,  the  difference  dK  =  K* 
-  K  can  be  thought  of  as  the  increase  in  eddy 
diffusivity  associated  with  a  decrease  in  resolu- 
tion. The  factor  (Ai/)-  represents  the  energy  in  the 
scale  of  the  shear,  so  it  should  be  proportional  to 
E(k)dk  or  (\>(io)dw.  The  mixing  time  7"  =  ^is  re- 
lated to  the  diffusivity  through  equation  (4),  /-  = 


2AT,  if  /  - 


is  the  scale  of  the  shear.  Thus, 


(21)  can  be  generalized  to  the  differential  equa- 
tions 

„  H(k)dk  ^        C  (l>{oj)dco 
2Kk-  In       CD 


dK  =  -  C 


(22) 


These  equations  can  be  integrated  to  give 
equations  (5)  and  (8). 

Equations  (22)  together  with  (6)  are  sufficient 
to  determine  the  frost-free  turbulence  transforma- 
tion. To  see  this,  differentiate  equation  (6)  and 
substitute  from  (21 )  to  get  an  equation  relating  dw 
and  dk. 


doj  =  TT-'  \2Kk 


E{k) 


IK 


(23) 


Now  use  (23)  to  eliminate  dui  and  dk  from  (22). 
The  result  is  exactly  the  transformation  given  by 
equations  (21). 

The  principal  point  to  be  seen  from  this 
heuristic  derivation  is  that  the  eddy  diffusivity 
parameterization  should  only  be  valid  for  an 
appropriately  averaged  description  of  the  flow. 
Such  an  average  should  filter  out  high  frequen- 
cies and  high  wavenumbers,  where  the  cut-off 
values  are  related  by  equation  (6).  The  result  of 
this  averaging  should  be  expressions  like  equa- 
tions (5)  and  (8)  for  the  diffusivity.  It  is  the  extent  of 
the  averaging  that  determines  what  should  be 
resolved  as  advection  and  what  should  be 
parameterized  as  diffusion. 

It  is  interesting  to  note  the  similarity  of  the 
ideas  behind  this  heuristic  derivation  of  equation 
(5)  and  those  of  Tchen  and  of  Nakano  who  obtain 
the  same  expression  for  eddy  viscosity.  Tchen 
(1973,  1975)  uses  a  hierarchy  of  ensembles  to 
allow  for  a  varying  degree  of  resolution,  which  is 
expressed  here  as  a  differential  equation.  His 
memory  chain  corresponds  to  a  hierarchy  of  time 
scales  that  are  associated  with  the  hierarchy  of 
length  scales.  Nakano  (1972)  bases  his  theory 
upon  the  idea  that  smaller  eddies  serve  to  damp 
the  larger  eddies  while  larger  eddies  serve  to 
distort  and  advect  smaller  eddies.  The  damping 
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IS  simply  mixing  of  momentum,  so  his  ideas  are 
the  same  as  those  used  here. 

Recently,  McComb  (1974)  obtained  a  similar 
expression  for  eddy  viscosity  by  modifying 
Edwards'  (1964)  theory  of  turbulence.  Their  idea 
is  that  small  scale  advection  is  like  random 
stirring,  which  is  basically  the  same  as  the  idea 
presented  here.  In  the  two-layer  model,  the 
random  forces  are  provided  by  the  shear  and  the 
cross-shear  mixing.  This  can  be  seen  clearly  from 
Monin  and  Yaglom's  (1 971 )  derivation  of  equation 
(20)  as  a  Fokker-Planck  equation  for  a  Markov 
process. 


None  of  these  dynamic  theories  has  yet  pro- 
duced an  equation,  similar  to  (8),  expressing  the 
eddy  viscosity  as  an  integral  over  the  time  spec 
trum.  For  both  (5)  and  (8)  to  hold,  there  must  be  a 
correspondence  between  frequencies  and 
wavenumbers,  at  least  in  the  statistical  sense  that 
an  ensemble  average  should  filter  out  high  fre- 
quencies and  high  wavenumbers.  Tchen's  theory 
seems  to  be  the  closest  to  this.  It  would  be  in- 
teresting to  see  if  such  an  expression  can  be 
obtained  from  these  theories.  If  so,  then  a  more 
rigorous  derivation  of  the  frost-free  turbulence 
transformation  should  be  possible. 


6.  Summary 

The  frost-free  turbulence  transformation  pre- 
sented here  in  equations  (10)  is  based  upon  two 
assumptions.  The  first  is  that  there  is  a  corres- 
pondence between  spatial  and  temporal  scales 
of  the  turbulence.  This  is  justified  by  the  results  of 
the  dye  diffusion  experiments  as  summarized  by 
Okubo's  (1971)  diagrams  and  by  the  argument 
that  a  mixing  length  and  a  relaxation  time  can  be 
assigned  to  the  averaging  process  that  results  in 
the  eddy  diffusivity.  The  second  is  that  an  ex- 
pression such  as  (5)  can  be  used  to  describe  the 


scale  dependence  of  the  eddy  diffusivity.  This  is 
justified  by  the  generalization  of  the  results  from 
shear  dispersion  and  by  the  dynamical  theories  of 
Tchen,  Nakano,  Edwards,  and  McComb.  This 
transformation  successfully  relates  current  re- 
cords with  dye  diffusion  data  and  agrees  with  the 
results  of  dimensional  arguments.  Therefore,  this 
transformation  appears  to  be  valid  and  should  be 
useful  as  a  working  hypothesis  for  further  studies 
of  turbulence. 
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Irregular  Grid  Finite-Difference  Techniques  :  Simulations 
of  Oscillations  in  Shallow  Circular  Basins 
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AHSTRACr 

I'inile-dilYcniKi  techiii(|ues  fcir  irreijular  C(ini|)Utational  i;ri(ls  are  presented.  Siucessful  simidalions  of 
transient  normal  mode  oscillations  in  shallow  circular  Uasins,  where  analv  tic  solutions  are  known,  demon- 
strate that  these  techniques  can  yield  accurate  results,  even  in  situations  involving  a  curved  l)Oundar>. 
These  tcchni(|ues  should  prove  to  lie  (|uite  useful  for  numericall\  forecasting  storm  surges  in  l)a>s  and 
estuaries  where  calculations  are  complicated  by  the  curving  coastline. 


1.  Introduction 

Numerical  forecasts  of  storm  surges  in  bays,  estuaries 
or  lakes  are  complicated  by  the  curvature  of  the  coast- 
line. Straightforward  finite-difTerence  calculations  (Reid 
and  Bodine,  1968;  Overland,  1975)  on  uniform,  rec- 
tangular computational  grids,  which  represent  the  coast- 
line as  a  stair-step  boundary,  may  yield  well-behaved 
solutions  away  from  the  boundary  but  generate  numeri- 
cal noise  at  the  coastline  where  the  forecast  is  to  be 
made.  Coordinate  transformation  techniques  (Reid  and 
Vastano,  1966 ;  Birchfield  and  Murty  1974 ;  Jelesnianski, 
1974)  provided  a  belter  representation  of  the  boundary. 
However,  the  effort  involved  in  defining  the  transforma- 
tion makes  it  difficult  to  implement.  Finite-element 
methods  (Wang  and  Conner,  1975;  Norton,  King,  and 
Orlob,  1973)  with  irregular,  triangular  computational 
grids  also  provide  a  better  representation  of  the  bound- 
ary. However,  they  are  time-implicit  and  require 
lengthy  matrix  inversion  at  each  time  step  which  is 
undesirable  for  forecast  models.  This  suggests  that 
time-explicit,  finite-difference  calculations  on  irregular, 
triangular  grids  might  be  a  way  to  handle  the  problem 
of  boundary  curvature. 

To  date,  little  has  been  done  to  implement  finite- 
difTerence  techniques  on  irregular  triangular  grids. 
Kivisild  (1954)  used  a  grid  of  equilateral  triangles  to 
calculate  storm  surges  on  Lake  Okeechobee.  Crowley 
(1971),  Boris  et  al.  (1975)  and  Fritts  (1976)  have  made 
finite-difference  calculations  using  irregular  grids.  They 
were  concerned  with  problems  other  than  storm  surge 
forecasting  where  there  is  an  advantage  that  the  grid 
points  be  free  to  move  during  the  calculation.  There 
seems  to  be  no  discussion  in  the  literature  of  these 
techniques  per  se.  For  this  reason,  emphasis  here  is 
placed  on  the  techniques  rather  than  on  storm  surges. 


However,  the  discussion  will  be  restricted  to  two- 
dimensional  grids  and  to  the  shallow  water  wave 
equations  so  that  the  applicability  to  storm  surge 
forecasting  can  be  seen. 

The  approximation  of  partial  derivatives  on  irregular 
grids  is  discussed  in  Section  2.  The  basic  idea  is  that 
the  partial  derivatives  can  be  approximated  by  the 
slopes  of  a  planar  surface.  This  idea  can  be  generalized 
so  that  an  average  of  slopes  of  several  planar  surfaces 
can  be  used  to  approximate  derivatives.  Such  approxi- 
mations are  first  order  in  the  grid  spacings.  Although 
higher  order  schemes  are  possible  based  upon  the  slopes 
of  parabolic  or  other  surfaces,  they  are  not  discussed  in 
detail.  The  formulas  for  approximating  partial  deriva- 
tives have  the  desirable  feature  of  satisfying  a  (ireen's 
theorem.  For  shallow  water  waves  this  guarantees  that 
mass  is  conserved. 

Two  different  schemes  for  approximating  solutions 
to  the  shallow  water  wave  equations  are  discussed.  The 
first  scheme  involves  two  spatially  staggered  grids,  one 
for  the  water  surface  elevation  and  the  other  for  the 
momentum.  This  scheme  yields  good  results  when  the 
earth's  rotation  is  neglected,  but  it  cannot  be  used  when 
these  terms  must  be  included.  The  second  scheme  has 
only  one  grid  for  all  variables  and  allows  rotation  to  be 
included. 

Numerical  solutions  to  the  shallow  water  wave  equa- 
tions for  a  circular  basin  calculated  with  these  schemes 
are  compared  to  corresponding  exact  solutions  obtained 
analytically  in  closed  form.  Computations  are  initialized 
to  normal  modes  of  the  basin  and  carried  forward  for  a 
time  approximately  equal  to  50  cycles  of  the  normal 
mode.  After  50  cycles,  both  the  amplitudes  and  the 
frequencies  of  the  computations  are  in  good  agreement 
with  the  exact  values  for  the  normal  modes.  This 
demonstrates  that  these  irregular  grid  finite-difference 
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techniques  do  indeed  provide  a  means  for  incorporating 
curved  boundaries  into  numerical  calculations  and  sug- 
gests that  these  techniques  might  be  useful  for  forecast- 
ing storm  surges. 

2.  Fonnulas  for  approximating  partial  derivatives 

An  irregular  two-dimensional  grid  can  be  thought  of 
as  being  a  patchwork  of  triangular  elements  whose 
vertices  are  the  grid  points.  In  the  vicinity  of  each 
triangle,  the  partial  derivatives  of  a  function  can  be 
approximated  by  the  slopes  of  a  plane  determined  by  the 
values  of  the  function  at  the  vertices.  This  leads  to  the 
following  three-point  formulas  for  approximating  partial 
derivatives : 


dx 

dy 


=Ui(yi-yi)+h(yi-y^)+Myi~yi)y^ 


=  -[/i(:<^2-;c3)  +  /2(x3-Jr,)+/3(x,-A:,)]/A 


(1) 


A=Xi(y2—y3)+X2iy3-yi)+xziyi—y2) 

where  /i,  fi  and  />  are  the  values  of  the  function  at  the 
three  vertex  points,  {xuyi),  (xa.ya)  and  (jcs.ya),  respec- 
tively. The  overbars  indicate  that  these  are  approxi- 
mations. The  quantity  A  is  twice  the  area  of  the 
triangle. 

The  accuracy  of  these  formulas  depends  upon  the 
point  {x,y)  at  which  the  derivatives  are  approximated, 
even  though  the  formulas  do  not  explicitly  depend  upon 
that  point.  Clearly  the  approximation  is  better  in  the 
vicinity  of  the  triangle  than  at  some  distance  point. 
The  dependence  of  the  accuracy  upon  the  point  (x,y) 
can  be  seen  by  considering  power  series  expansions  of 
the  function  about  that  point,  i.e., 

df  df 

fi  =  f+—ixx-x)  +  —  {yi-y)+ti 
dx  dy 

df  df 

f2  =  f+—{x2-x)+—(y2-y)+e2l  (2) 

dx  dy 

df  df 

ft=f-\ {xi-x)-\ (yi—y)+et 

dx  dy 

where  ei,  tt,  and  ej  are  higher  order  terms  of  the  ex- 
pansions. Solving  for  df/dx  and  df/dy  yields  cor- 
rections to  (1), 


df    df 

— = C<i(ys— .y»)+«2(y»— }'i)+«a(yi-3'2)]/A 

dx     dx 


df   df 

— = t-[ei(x2-Xa)+€2(«»— xO+e»(xi~a;2)]/A 

fly    dy 


.    (3) 


The  terms  tj  are  of  second  order  in  the  grid  spacing 
and  the  correction  terms  in  (3)  are  therefore  of  first 
order.  Even  if  the  point  {x,y)  is  at  the  center  of  an 
equilateral  triangle,  the  correction  terms  are  first  order 
in  the  grid  spacing,  in  contrast  to  the  case  of  centered 
differences  on  uniform  rectangular  grids  in  which  the 
correction  terms  are  second  order.  However,  the  ap- 
proximation is  best  at  the  centers  of  the  triangles, 
x=  {xi+X2+Xi)/3  and  y==  (yi+yi+y3)/3. 

The  approximation  to  the  derivatives  expressed  by 
(1)  is  equivalent  to  the  approximations  involved  in 
using  linear  interpolating  functions  for  finite  element 
calculations.  Higher  order  polynomial  interpolating 
functions  have  a  counterpart  of  higher  order  finite- 
difference  approximations.  The  partial  derivatives  can 
be  approximated  by  the  slopes  of  polynomial  surfaces 
determined  by  some  greater  number  of  grid  points.  For 
example,  if  the  midpoint  of  each  side  of  the  triangles  is 
also  a  grid  point,  the  values  of  the  function  at  each 
vertex  and  each  side  point  of  a  triangle  determine  a 
parabolic  surface.  In  this  case  the  slope  approximation 
does  depend  explicitly  upon  the  point  {x,y)  where  the 
approximation  is  made.  In  this  case,  the  same  procedure 
of  power  series  expansions  will  yield  six-point  functions 
and  their  corrections,  as  in  (3).  However,  no  effort  has 
been  made  to  proceed  along  these  lines. 

These  three-point  formulas  are  best  suited  for  ap- 
proximating derivatives  at  the  centers  of  the  triangular 
elements  comprising  the  grid.  When  staggered  grids 
can  be  used,  as  in  Section  3,  where  the  centers  of  the 
triangles  of  one  grid  are  the  vertices  of  the  other,  then 
there  is  no  difficulty  other  than  an  ambiguity  due  to 
the  fact  that,  generally,  there  are  more  centers  than 
vertices.  It  is  desirable  in  this  case  to  approximate  the 
derivatives  at  the  vertices  rather  than  at  the  centers. 

Each  grid  point  is  simultaneously  the  vertex  of 
several  triangles.  The  derivatives  at  that  grid  point 
might  be  approximated  by  the  three-point  formulas 
for  any  of  these  triangles.  This  suggests  that  an  average 
of  these  formulas  should  be  used.  Because  the  triangles 
are  not  all  the  same  size,  the  average  should  be  weighted 
by  the  areas  of  the  triangles.  If  these  are  N  triangles 
with  a  vertex  at  {x,y)  and  their  remaining  vertices  at 
(xi,yi),  ...,  {xtf,yN)  are  indexed  counterclockwise 
about  {x,y),  then  this  averaging  procedure  yields  the 
A^  point  formulas 

a/     N 

dx     •-! 

—  =-E/.(:»;.+i-^.-i)/A('  ^' 

dy         »-i 

N 

^  =  E  x,{y,+i-y,-i) 

where  the  summation  is  cyclic,  modulo  N,  and  A  is 
twice  the  area  of  the  polygon  formed  by  the  N  triangles. 
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For  the  case  .V=3,  the  .V  point  formulas  reduce  to 
the  three-point  formulas  of  Eqs.  (1).  For  the  case  in 
which  the  polygon  .V  =  4,  is  a  rectangle,  Eqs.  (4)  reduce 
to  the  usual  centered-difference  formulas.  These  for- 
mulas do  not  depend  explicitly  upon  the  point  {x,y) 
where  the  derivatives  are  appro.ximated ;  again,  the 
accuracy  does  depend  upon  that  point.  The  accuracy, 
still  first  order,  is  best  at  the  centroid  of  the  polygon 
formed  by  the  A'  triangles. 

Formulas  (4)  can  be  rewritten 


-=i;m/.+/.+i)(^.+i-^.)/ia 

dx      .=1 

-=-f  M/.+/.+i)U.+.--0/|A 

dy         ■=! 


(5) 


so  that  each  term  can  be  associated  with  a  triangle  side 
connecting  points  /  and  I'+l.  The  first  factor, 
5(/,  +  /,+i),  is  the  average  value  of  the  function  for 
the  side.  Note  that  this  side  is  shared  by  two  triangles, 
unless  it  lies  on  a  boundary.  Therefore,  because  the 
points  are  taken  counter-clockwise  in  the  formulas,  the 
terms  associated  with  this  line  are  equal  in  magnitude 
but  opposite  in  sign  at  the  two  triangles  where  these 
terms  contribute.  This  fact  guarantees  that  a  Green's 
theorem  is  satisfied. 

Green's  theorem  (see,  e.g.,  Taylor,  1955)  states  that, 
for  two  functions  /  and  g  with  continuous  first  partial 
derivatives  in  a  region  R  bounded  by  a  sectionally 
smooth  curve  c, 


J  j[-+--\dxdy^  !  Udy-gdx). 


(6) 


On   an   irregular   triangular   grid,    the   corresponding 
theorem  is 


M  /df    dg 
>-i  \dx     dy 


)iA.=: 


L  [M/.+/.+0(j.>.-j.) 


-|(^.+«.+i)U,+i-:r,)].      (7) 


Here  it  is  assumed  that  there  are  M  grid  points  and  that 
the  first  B  points  are  on  the  boundary  and  indexed 
counterclockwise.  The  factor  5A,  is  the  area  of  the 
polygon  formed  by  the  triangles  with  a  vertex  at  the 
point  /.  Because  each  triangle  has  three  vertices,  only 
one-third  of  this  area  can  be  associated  with  each 
vertex;  thus  the  factor  \.  Using  the  fact  from  the 
preceding  paragraph,  it  is  easy  to  see  that  when  evaluat- 
ing the  left-hand  side  of  (7)  using  (5),  the  contributions 
of  the  internal  lines  cancel,  leaving  only  the  contribu- 
tion of  the  boundary  on  the  right-hand  side  of  (7). 

A  similar  Green's  theorem  holds  for  the  three-point 
formulas  of  (1)  on  staggered  grids.  When  applied  to 
shallow  water  waves,  these  theorems  guarantee  that 


the  total  volume  of  water  is  constant  so  long  as  no 
water  flows  in  at  the  boundary. 

So  far,  only  approximations  for  first  partial  deriva- 
tives have  been  discussed.  One  possibility  for  approxi- 
mating higher  derivatives  is  by  iterating  the  formulas 
for  the  first  derivatives.  However,  this  approximation 
might  depend  upon  the  order  of  the  differentiation,  in 
which  case  d-f/dxdy^d'-f,  dydx.  This  is  the  case  for 
the  three-point  formulas  on  staggered  grids,  even  if  the 
grids  are  composed  of  identical  triangular  elements.  On 
regular  grids,  four-  and  six-point  formulas  can  be  iter- 
ated to  form  second  derivatives,  but  for  irregular  grids 
d'^f/dxdy9^d-J/ dydx.  Therefore,  iterating  the  formulas 
for  first  derivatives  does  not  seem  attractive. 

If  the  first  derivatives  had  been  approximated  by  the 
slopes  of  higher  order  polynomials,  then  the  curvature 
of  these  polynomials  would  provide  an  approximation 
to  the  second  derivatives.  This  corresponds  to  the  fact 
that  higher  order  interpolating  functions  must  be  used 
with  the  finite-element  method  to  approximate  solutions 
to  partial  differential  equations  involving  higher 
derivatives. 

These  results  for  two-dimensional  irregular  grids  can 
be  generalized  to  higher  dimensions.  For  k  dimensions, 
the  basic  approximation  yields  {k-\-\)  point  formulas. 
Again,  averaging  should  provide  approximations  for 
derivatives  at  the  grid  points.  Higher  order  approxima- 
tions to  first  derivatives  might  also  be  constructed,  as 
well  as  higher  partial  derivatives. 

3.  Two  irregular  grid  schemes  for  shallow  water 
waves 

The  linearized  shallow  water  wave  equations  in  the 
absence  of  frictional  stresses  are 


dU 
dt 

dH 

-gD—^fV 
dx 

dV 

dt 

dH 

-gD /r 

dy 

dH 

dt 

\  dx     dy  J 

(8) 


where  U  and  V  are  the  .v  and  y  components  of  volume 
transport  per  unit  width,  H  is  the  surface  elevation,  D 
the  Stillwater  depth,  g  the  gravitational  acceleration 
and  /  the  Coriolis  parameter  accounting  for  the  earth's 
rotation.  Two  irregular  grid,  finite-difference  schemes 
were  used  to  calculate  approximate  solutions  to  these 
equations  for  the  case  of  a  closed  circular  basin.  The 
first  involved  the  use  of  staggered  grids,  one  for  L  and 
V  and  the  other  for  H.  In  the  second  scheme  all  three 
variables  were  calculated  at  the  same  grid  points. 

Samples  of  grids  used  for  these  calculations  are  shown 
in  Figs.  1,  2  and  3.  For  scheme  one,  the  vertices  of  the 
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triangles  were  taken  as  grid  points  for  U  and  V,  and  the 
crosses  at  the  centers  of  alternate  triangles  as  those  for 
H.  (The  crosses  have  been  omitted  from  Fig.  3  because 
of  the  small  scale  of  the  elements.)  For  scheme  two, 
U ,  V  and  H  are  all  calculated  at  the  vertex  points.  For 
both  schemes,  there  are  V ,  V  points  situated  on  the 
boundary  so  that  the  zero  normal  flow  condition  is  easy 
to  implement. 

It  is  interesting  to  note  that  these  grids  are  topo- 
logically  equivalent  to  hexagonal  arrays  of  equilateral 
triangles.  An  interior  hexagonal  pattern  is  quite  evi- 
dent in  the  interior  of  grid  1 ,  but  the  outer  triangles  have 
been  distorted  to  approximate  the  circular  basin.  The 
hexagonal  pattern  which  can  easily  be  recognized  near 
the  center  of  grids  2  and  3  is  gradually  distorted  to  the 
circular  shape  at  the  boundary.  Because  of  this  topo- 
logical equivalence,  these  calculations  are  equivalent  to 
coordinate  transformation  calculations  on  a  hexagonal 
shaped  grid  of  equilateral  triangles. 

The  manner  in  which  the  grid  points  are  indexed  is 
unimportant.  The  convention  followed  was  to  index  the 
U ,  V  points  with  a  single  integer,  /=  1,  ...,/,  with  the 
boundary  points  first,  ;'=  1,  .  . .,  P,  and  the  H  points 
with  the  integer,  j=  I,  .  . . ,  J.  What  is  important  is  to 
know  which  points  are  neighbors  so  that  the  finite- 
difference  formulas  can  be  evaluated.  For  scheme  one, 
arrays  were  used  to  store  the  indices  of  the  three  H 
points  closest  to  each  U,  V  point  and  the  indices  of  the 
three  U,  l'  points  closest  to  each  H  point.  For  scheme 
two,  six  neighbor  indices  were  stored  for  interior  points 


<     +; 

'^  .* 

' 

^J          '    ^v 

*  K 

><      ^ 

X^    - 

> 

X      + 

^^- 

X, 

.N., 

Fig.  2.  Grid  two.  U,  V  and  //  are  calculated  as  for  grid  one. 
Instabilities  associated  with  nonuniformity  ot  the  triangles  were 
insignificant. 


and  four  or  five  for  boundary  points,  depending  upon 
the  number  of  triangles  which  meet  at  that  point. 
The  finite-difTerence  formulas  depend  upon  the  co- 
ordinates of  the  grid  points.  For  numerical  stability 
(see  Section  4)  it  is  important  that  the  grid  points  be 
smoothly   distributed.   The   smooth   distributions   for 


Fig.  1.  Grid  one.  The  transports  U  and  V  are  calculated  at  the 
vertices  of  the  triangles.  For  scheme  one,  the  surface  elevation  £? 
is  calculated  at  the  centers  of  the  triangles  marked  by  crosses; 
for  scheme  two,  at  the  vertices  the  same  as  U  and  V.  The  contrast 
in  triangle  sizes  is  greater  for  this  grid  than  for  grid  two,  resulting 
in  a  larger  growth  rate  for  the  associated  instability. 


Fig.  3.  Grid  three.  U,  V  and  //  are  calculated  as  for  grid  one, 
the  crosses  marking  scheme  one  //  points  being  omitted  because 
of  scale.  This  grid  provided  quite  good  resolution  of  the  normal 
modes  which  were  simulated. 
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grids  2  &m\  ,^  were  oljtaincd  by  solving  the  equations 


6 

~ 

•V. 

— 

I 

6 

6 

.»• 

n(i) 

>-. 

= 

k 

y 

n(» 

,       7  =  /i  +  l,...,/, 


(9) 


where  /„(;),«=!,  . .  . ,  6,  are  the  six  neighboring  points 
to  the  (th  point  on  the  U,  V  grid.  Some  of  the  neighbor- 
ing points  can  be  Iwundarj'  points  with  coordinates, 
x,=  /ecos{27r;, /i)  and  y,=  R  smdni/M),  i=l,  ....  B. 
Kqs.  {'■))  can  be  thought  of  as  determining  the  equilib- 
rium position  of  a  system  of  springs  under  tension, 


fixed  at  the  boundary  points.  These  equations  were 
solved  using  an  over-relaxed  Jacobi  technique.  The 
staggered  //-grid  coordinates  were  then  given  by 


3 

■ 

Xi 

=  1 

n— 1 

3 

X, 

»(;) 

y, 

=\ 

E 

y. 

«(;) 

,   >=1, ...,/, 


(10) 


where  i,Xi),  «=  1,      -,3,  are  the  three  points  on  the  V , 
F-grid  closest  to  the  yth  point  on  the  staggered  //-grid. 
For  both  schemes,  the  discrete  analogues  of  (8)  take 
the  form 


\bx  /, 

/aT/x" 

\dy  /. 


i  =  B+\,...,I 


/dHy-j 


f/f+*  =  rr'-«Z).T|  sin^o/— )  -cose.sind^^]    I 


V^+i=Vri-gDMcos%( — \  -cos^isin^/ — \  1 


,  1=1,. ...fl 


j=i,--.,j 


(11) 


In  scheme  one,  the  three-point  formulas  were  used  to 
approximate  the  partial  derivatives;  (dH/dx)'^  and 
{dH/dy)1  were  calculated  using  the  three  H  points 
nearest  to  the  U  point,  /,  and  {dU/dxYj^^  and 
{dV/dy)1'^^  were  calculated  using  the  three  U,  V- 
points  nearest  to  the  //  point,  j.  For  the  boundary 
points,  2=1,  ...,  B,  the  three  closest  H  points  form 
triangles  which  do  n.)t  intersect  the  boundary;  the 
slopes  of  these  triangles  were  extrapolated  to  the  bound- 
ary. In  scheme  two,  with  i=j  and  I=J,  six-point 
formulas  were  used  to  approximate  the  partial  deriva- 
tives except  for  points  on  the  boundary,  f  =  y=  1,  . . . ,  B. 
Five-point  formulas  were  used  for  all  boundary  points 
except  for  six  corresponding  to  the  corners  of  distorted 
hexagons  for  which  four-point  formulas  were  used. 

The  trigonometric  factors  cos^,  and  sin^,  guarantee 
that  there  is  no  normal  flow  at  the  boundary.  A  leap- 
frog scheme  was  used  for  the  time  derivatives,  with 
surface  elevations  calculated  at  times  t=nT  and  mo- 
mentum components  calculated  at  times  /=(n+^)T, 

where  r  is  the  length  of  the  time  step  and  «=  0, 1,  2, 

The  time  difTerences  are  implicit  since  the  Coriolis 
terms  are  evaluated  at  the  new  time  levels,  n+J,  in 


order  to  guarantee  stability  in  the  limit,  g=  0.  No  time- 
consuming  matrix  inversion  is  necessary,  though,  since 
the  equations  are  only  coupled  by  pairs ;  it  is  a  simple 
matter  to  rewrite  the  equations  expressing  f/"+'  and 
K."+»  in  terms  of  //?,  and  t/?"*  and  V^K 

4.  Numerical  stability 

By  assuming  the  grids  to  be  uniform  and  without 
boundaries,  it  is  possible  to  analyze  these  two  com- 
putational schemes  for  stability.  For  equilateral  tri- 
angular grids,  the  solutions  can  be  assumed  to  vary  as 
exp{ili2M+  N)kA+yf5XlA]),  where  2A  is  the  dis- 
tance between  grid  points,  k  and  /  are  wave  vector 
components,  and  the  integers- M  and  iV  index  the  grid 
points.  For  both  schemes  the  eigenvalues  X  of  the 
amplification  matrices  must  satisfy  equations  of  the 
form 


(l-X)[(l-ff)X2-(2-/>)X-|-l]-»«X*=0 
/.  =  4gZ)(r»M»)(|3i|»+|22|') 
?=(8/V3)/gZ)(T*/A*)ImzIz, 


(12) 
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where  i=\  — 1   and  the  complex  numbers  z^  and  2-2     account  for  the  geometry  of  the  grid, 


2i=l— exp(  — 2/M)  ] 

2,,  =  i[l-fexp(-2i"itA)]-exp[j(ife+v3/)A]l 
c,  =  (1/2V3)  cos(M)  sin(/A)  1 

Zo  =  |  sin(M)[2  cos(M)+cos(v5/A)]  I 


Scheme  one 


Scheme  two 


(13) 


For  scheme  one,  if  /=0,  then  |X|^1  for 
T<;  iA, \^)(^D)''.  Thus,  when  the  earth's  rotation  is 
n«-;^lccled,  scheme  one  is  stable  so  long  as  the  time  step 
is  small  enough.  This  corresponds  to  the  usual  Courant 
condition  for  rectangular  grids.  For  /?*0,  because  qr^O, 
scheme  one  is  unstable.  To  see  this,  note  that  for  small 
/,  the  eigenvalue  corresponding  to  X=  1  when  /=0 
becomes  X  =  1  —  iq/p,  .so  |  X  |  '=  1  +  q'^/'p^>  1 .  Thus, 
scheme  one  is  unstable  when  the  earth's  rotation  is 
included.  The  fact  that  q?^^  seems  to  be  related  to  the 
fact  that  d"H  dxoy9^d''H,'dydx\  even  on  a  uniform  grid, 
where  these  second  derivatives  are  approximated  by 
iterating  the  approximations  for  first  derivatives.  As  the 
solutions  step  forward  in  time,  these  terms  do  not 
cancel,  so  they  provide  a  numerical  source  of  vorticity 
and  energy.  For  the  case  /=  0  these  terms  never  appear. 

For  scheme  two,  q  —  0.  The  Courant  condition  follows 
from  the  inequality  2[1  -  (H-/')*]^  /-^  2[1+  (!+/')*]. 
Thus,  the  Coriolis  force  increases  the  upper  bound  on 
the  time  step  but  it  imposes  a  lower  bound.  So  long  as 
this  Courant  condition  is  satisfied,  scheme  two  is 
stable — even  when  the  earth's  rotation  is  included. 

The  fact  that  these  schemes  are  stable  for  uniform 
grids  does  not  guarantee  their  stability  for  variable  grids 
with  boundaries.  In  fact,  when  calculations  were  first 
made  on  the  grid  shown  in  Fig.  1  using  scheme  one, 
instability  was  observed.  When  these  calculations  were 
repeated  on  the  grid  shown  in  Fig.  2,  the  instability 
was  considerably  suppressed. 

Instabilities  associated  with  variable  grid  spacing 
are  quite  like  those  associated  with  variable  coefficients 
on  uniform  grids.  In  fact,  because  the  grids  used  here 
can  be  deformed  into  hexagonal  arrays  of  equilateral 
triangles,  the  calculations  could  be  made  using  a  co- 
ordinate transformation  technique  on  these  uniform 
triangular  grids.  In  that  case,  the  variability  of  the 
original  grid  would  be  replaced  by  the  variability  of 
the  map  factors  of  the  transformation  to  the  uniform 
grid.  The  instability  could  be  attributed  to  the  vari- 
ability of  the  m.ap  factor  coefficients. 


fl-r]j„(kr)  cos{nd-\-wt) 
i 


Instabilities  associated  with  grid  irregularities  should 
not  be  identified  with  the  fact  that  these  are  finite- 
difference  techniques.  Similar  effects  have  been  re- 
ported for  finite-element  calculations  by  Wang  and 
Conner  (1975)  and  by  Pagenkopf  and  Pearce  (1975). 
In  fact,  the  grid  smoothing  technique  given  by  F;c|S.  (9) 
which  were  used  to  position  the  points  on  grids  2  and  3 
might  be  equally  as  useful  for  smoothing  grids  for 
finite  element  calculations. 

Calculations  with  scheme  two  exhibited  instabilities 
with  growth  rates  depending  upon  the  magnitude  of  /. 
This  can  be  attributed  to  the  variability  of  the  grid 
spacing.  For  irregular  grids,  terms  proportional  to 
fl^{d^H/dxdy)— {d''H /dydx)^  provide  a  numerical 
source  of  energy.  Thus,  increasing  /  should  increase  the 
growth  rate.  For  most  practical  problems,  the  growth 
rate  is  quite  small.  In  high  latitudes  where  /  is  largest, 
this  scheme  might  not  be  feasible  for  highly  irregular 
grids.  Perhaps  higher  order  schemes  suitable  for  ap- 
proximating higher  partial  derivatives  would  be  more 
suitable  in  these  situations. 

For  practical  problems  such  as  storm  surge  forecast- 
ing, instability  should  not  be  a  problem.  So  long  as  the 
size  of  the  triangles  on  the  grid  vary  smoothly  enough, 
the  ^-folding  time  due  to  instabilities  should  be  on  the 
order  of  a  week  while  the  duration  of  the  surge  is 
usually  less  than  24  h.  The  same  relaxation  procedure 
used  to  position  the  grid  points  in  Figs.  2  and  3  can  also 
be  used  to  obtain  smoothly  varying  grids  for  practical 
problems.  Furthermore,  when  bottom  friction  is  in- 
cluded in  the  calculations,  the  instability  can"  be  ex- 
pected to  be  damped. 

5.  Normal  mode  simulations 

The  irregular  grid  finite-difference  schemes  described 
in  Section  3  were  used  to  simulate  the  normal  mode 
oscillations  of  a  closed  circular  basin  of  uniform  depth 
D=  Da.  These  oscillations  are  solutions  to  the  shallow 
water  equations  of  the  form  (Lamb,  1945) 


■  =  r;(-)      —Jnikr)+'-j'„ikr)  \iind  cos{ue+ujl)-\ Jnikr)  +  J„{kr)     cosfl  sin(«e+o; 

\k/\lkr  CO  J  Ikru,  J 

■=-')(-)      -yn(/;r)H— 7;(/fer)  |costfcos(Hf?-fwO+r— -/n(*r)+7;(*r)lsinesin(nO+o;/)j 


(14) 
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Table  \.  Scheme  one  simulations, /=0,  uniform  depth 
circular  basin. 


Table  3.  Scheme  two  simulations, /=0.3(^t)o)V/?,  uniform  depth 
circular  basin. 


Normal  mode 

n 

m 

0 

1 

0 

2 

0 

3 

0 

4 

1 

0 

1 

1 

1 

2 

1 

3 

2 

0 

2 

1 

2 

2 

2 

3 

Nondimensional 
frequency  =<j)R{gDo)~* 
Exact  Grid  2  Grid  3 


3.8317 
7.0156 

10.1735 

13.3237 
1.8412 
5.3314 
8.5363 

11.7060 
3.0542 
6.7061 
9.9695 

13  1703 


3.8 

3.83 

6.9 

7.02 

10 

10.1 

13 

13.2 

1.8 

1.84 

5.3 

5.33 

8.3 

8.54 

12 

11.6 

3.0 

3.06 

6.7 

6.71 

10 

9.9 

13 

13.0 

where  rj  is  the  amphtude  of  the  oscillation,  J„  and  J„  are 
the  Bessel  function  of  order  n  and  its  derivative,  and 
x=rcos6,  y=r  s\n0.  The  values  of  the  eigenfrequency 
0}  and  corresponding  wavenuniber  k  are  determined  by 
the  dispersion  equation  and   the  boundary  condition 


kRJ„(kR)+-'-J„{kR)  =  0 


(55) 


The  lowest  frequency  normal  modes  are  fairly  well  re- 
solved by  the  grids  shown  in  Figs.  1  and  2,  and  therefore 
might  be  expected  to  be  fairly  well  approximated  for 
several  periods  of  oscillation  by  these  finite-difference 
schemes. 

For  each  normal  mode,  the  calculations  were  initial- 
ized according  to  (14)  with  r}=l  and  /=0  and  then 
stepped  forward  in  time  according  to  ( 11)  for  50  cycles 
of  the  normal  mode  oscillation.  The  time  steps  for  the 
simulations  were  T=0.65/(gZ)o)~',  where  /  is  the  dis- 
tance between  adjacent  points  on  the  boundary. 

During  the  50  cycles  of  each  normal  mode  simulation, 
tallies  were  kept  of  the  number  of  times  each  Hj 
changed  sign  in  order  to  judge  how  well  the  eigenfunc- 
tions  were  approximated.  Because  of  discretization 
error,  the  estimates  of  frequency  were  expected  to  vary 
from  grid  point  to  grid  point  with  the  variation  es- 
pecially noticeable  near  the  nodes  of  the  eigenfunctions. 

Table  2.  Scheme  two  simulations, /=0,  uniform 
depth  circular  basin. 


Normal  mode 


Nondimensional 
frequency-  =  a)/?(|Do)~* 
E.xact  Grid  3 


3.8317 

7.0156 

10.1735 

13.3237 


3.79 
6.88 
9.77 
12.3 


Normal  mode 

n 

III 

0 

1 

0 

2 

0 

3 

0 

4 

1 

0 

1 

1 

1 

2 

1 

3 

Nondimensional 
frequency  =w^(gDo)"* 
Exact  Grid  3 


3.8434 

3.81 

7.0220 

6.89 

10.1779 

9.78 

13.3271 

12.4 

1.9748 

1.94 

5.3507 

5.30 

8.5458 

8.30 

11.7121 

11.1 

This  was  indeed  the  case,  and  the  frequency  estimate 
variation  was  considerably  less  for  calculations  on  the 
finer  grid  which  has  less  discretization  error. 

Results  of  simulations  with  scheme  one  are  sum- 
marized in  Table  1.  Because  scheme  one  is  unstable 
when  fr^O,  only  the  case  of  /=0  is  considered.  The 
integers  n  and  m  identify  the  normal  modes  which  were 
simulated ;  n  refers  to  the  order  of  the  Bessel  function 
for  that  mode,  corresponding  to  the  number  of  radial 
nodes,  and  m  indicates  the  number  of  concentric  cir- 
cular nodes.  The  exact  nondimensional  frequencies 
were  taken  from  tabulated  values  of  zeros  of  derivatives 
of  Bessel  functions  given  by  Abramowitz  and  Segun 
(1970).  The  tilde  is  used  to  indicate  qualitatively  good 
results  having  quite  a  bit  of  scatter  in  values  of  fre- 
quency estimates  over  the  grid  points.  The  additional 
resolution  of  grid  3  over  grid  2  reduces  the  scatter  in 
frequency  estimates  and  confines  it  to  nodal  areas  of 
higher  frequency  modes. 

Results  of  simulations  with  scheme  two  are  shown  in 
Tables  2,  3  and  4  for  /=0,  f=0.3(gDo)^/R  and 
/=  \.0{gDo)VR,  respectively.  The  frequency  estimates 
are  systematically  low.  This  should  be  expected  since 
the  averages  over  neighboring  triangles  involved  in  the 
definition  of  the  .V  point  formulas  (4)  behave  nu- 
merically like  viscosity.  The  magnitude  of  the  computa- 
tional viscosity  was  estimated  to  be  i'~0.3(4i?^gZ))'. 
The  exact  frequencies  in  Table  2  are  the  same  as  those 
in  Table  1 ;  those  in  Tables  3  and  4  were  obtained  by 
numerically  solving  (15). 

During  these  simulations,  the  normal  modes  were 
approximated  in  amplitude  and  shape  as  well  as  in 

Table  4.  Scheme  two  simulations, /=  1.0(g£)ci)'/i?, 
uniform  depth  circular  basin. 


Normal  mode 


Nondimensional 

frequency  = 

-u>R{gDor* 

Exact 

Grid  3 

3.9600 

3.83 

7.0865 

6.88 

10.2225 

9.78 

13.3612 

12.30 
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frequency.  During  the  phase  of  the  oscillation  when  the 
surface  should  be  flat,  variation  in  the  surface  due  lo 
discretization  error  was  apparent,  but  this  variation 
was  small  compared  to  the  maximum  amplitude  of  the 
surface  elevation.  As  expected,  these  schemes  conserve 
the  quantity  of  water  in  the  basin.  However,  because 
of  the  weak  instabilities  dissociated  with  irregularities 


H  =  v(-j  *m.n[-]  C05ine+0jt) 


of  the  grids,  after  more  than  50  cycles  the  amplitudes 
and  shapes,  like  the  frequencies,  are  poorly  simulated. 
In  order  to  test  the  behavior  of  these  irregular  ^jld 
finite-difference  schemes  for  situations  when  the  depth 
of  the  basin  is  not  uniform,  normal  modes  of  a  circular 
basin  with  a  parabolic  depth  profile  D=  Z)o[l  —  {r-/R}l, 
were  also  simulated.  These  oscillations  are  of  the  form 
(see  Lamb,  1945), 


U  = 


-,^J^(LS" 


-f)R\R/      I  \rJ 


(u>-f)R 


sin[(M-l)«+a)/]H — '^m  J— )   ( ]  cose  sin («e+a>/) 

R     '  \R/1\u 


sinO  cos{n6-\-ijol) 


(  — )        w^'^.J— )cos[(k-1)0+w/]H — *m,4  — )   ( )  sine  sin  (kS+co/) 

\^-f)R\Rj      \  \rJ  R        \R/l\c^+fJ 


io^-m 


+  [  —  )  cos(9  cos(«e+a)/) 


(16) 


where  <ir„,„{r/R)  =  F{—m,  m+n+l;  n+l;  r^R^)  is  a 
hypergeometric  polynomial  and  S[',„„(f//?)  is  its 
derivative  with  respect  to  r/R.  The  integers  m  and  n 
indicate  the  number  of  concentric  circular  nodes  and 
the  number  of  diametrical  nodes,  respectively,  of  the  H 
field.  The  freqencies  of  these  oscillations  are  given  by 
solutions  of  the  dispersion  equation 


R 

(c^'-P) +2n 


B= 


4(w+l)(m+n).     (17) 


Four  oscillations  were  simulated  using  both  schemes 
with  grid  three.  The  initial  conditions  were  determined 
by  Eqs.  (16)  and  (17)  with  ?)=  1  and  <=0.  For  the 
modes  with  m=0,  ^o,n=  1  and  ^o„  =  0  for  all  values  of 
r/R.  For  the  modes  with  n=0, 

*„.o(r/i?)=P„(l-2rVi?^) 

is  a  Legendre  polynomial ;  in  particular 

^i.o{r/R)=\-2ryR^ 

Table  5.  Scheme  one  simulations, /=0  parabolic 
depth  circular  basin. 


(see  Lamb,  1945,  or  Abramowitz  and  Stegun,  1970). 
As  before,  the  time  step  was  taken  to  be  r=  0.65/(gZ)o)~*- 
The  results  of  simulations  using  scheme  one  [/=0] 
are  given  in  Table  5.  Those  for  scheme  two  [/=0  and 
j=0.i{gDo)''/R']  are  given  in  Tables  6  and  7,  respec- 
tively. These  results  are  as  good  as  those  for  the  uni- 
form depth  basin.  Neither  scheme  has  difficulty  with 
depth  variations. 

6.  Discussion 

The  simulations  of  normal  mode  oscillations  provide 
particularly  appropriate  tests  of  the  irregular  grid 
finite-difference  techniques  since  these  techniques  are 
intended  for  futur  use  in  modeling  storm  surges.  The 
shallow  water  wa-  e  equations  which  govern  these  oscil- 
lations are  the  basis  'f  storm  surge  calculations.  There 
are  other  terms  which  must  be  added  to  these  equations 
to  account  for  atmospheric  forcing  of  the  water  motion, 
dissipation  due  1  >  bottom  stress,  and  perhaps  non- 
linearities  if  the  amplitude  of  the  motion  is  sufficiently 

Table  6.  Scheme  two  simulations, /=0,  parabolic 
depth  circular  basin. 


Normal  mode 
n  m 


Nondimensional 
frequency = uR  (gZ)o)~* 
Exact  Grid  3 


Normal  mode 
n  m 


Nondimensional 
frequency  =  mR  {gD(,)~^ 
Exact  Grid  3 


1 

0 

1.4142 

1.41 

1 

0 

1.4142 

1.41 

2 

0 

2.0000 

2.00 

2 

0 

2.0000 

1.99 

3 

0 

2.4495 

2.43 

3 

0 

2.4495 

2.43 

0 

1 

2.8284 

2.83 

0 

1 

2.8284 

2.80 
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Table 


Scheme  two  simulations, /=().3(j/A,)*/^, 
paral)olic  (U'lJlh  circular  basin. 


Nondimensional 

.Normal  mode 

frequency 

=u./f(gOo)-» 

n                    m 

ICxacl 

Grids 

I                    0 

1.5721 

1.57 

2                   0 

2.1.S56 

2.14 

3                   0 

2.6041 

2.58 

0                    1 

2.8443 

2.83 

great,  but  .since  the  e.xacl  solulicms  to  the  equations 
with  these  temis  added  are  not  available  for  com- 
parison, discussion  of  simulations  of  these  effects  will 
be  postponed  until  further  calculations  are  made  which 
are  appropriate  (o  a  particular  bay.  The  success  of  the 
normal  mo<le  simulations  in<iicates  that  these  irregular 
grid  technicjues  do  provide  a  means  for  calculating 
when  there  are  curved  boundaries  such  as  the  curving 
coast'ines  of  hays  and  estuaries  and  that  there  are  no 
difficulties  associated  with  variations  of  the  depth  of 
the  basin  or  with  rotation  nf  the  earth.  Furthermore, 
these  simulations  show  that  the  transient  response  to 
initial  conditions  can  be  accurately  represented,  which 
is  important  for  storm  surge  simulation. 

Although  the  primary  motivation  for  these  irregular 
grid  techniques  has  been  the  problem  of  curved  bound- 
aries, another  advantage  of  these  techniques  is  that  they 
allow  for  a  variation  in  the  density  of  grid  points  over 
the  domain  of  the  calculation.  This  is  desirable  for 
storm  surge  models  for  two  reasons.  Because  the  ex- 
plicit lime  step  is  bounded  by  the  smallest  ratio  of  grid 
spacing  to  square  root  of  depth,  on  a  uniform  grid  it  is 
controlled  by  the  greatest  depths  situated  farthest  from 
the  coastline  where  the  forecast  is  to  be  made.  Variable 
grid  spacing  should  allow  for  a  larger  time  step  to  be 
used  that  is  equally  appropriate  for  shallow  as  for  deep 
regions  of  the  basin.  Second,  because  wavelengths 
contract  as  waves  propagate  into  shallower  water,  the 
variable  grid  spacing  wuuld  also  allow  for  the  same 
number  of  grid  points  per  wavelength  in  all  parts  of  the 
basin.  Plans  exist  for  nvestigating  the  use  of  such  a 
grid  in  conjunction  with  calculations  for  a  particular 
bay. 

Finally,  it  should  be  emphasised  that  these  irregular 
grid  finite-difference  techniques  are  quite  general  and 


should  be  useful  for  a  wide  variety  of  calculations. They 
offer  the  same  flexibility  as  do  the  irregular  grid  finite- 
element  techniques,  and  they  have  the  advantage  of 
an  explicit  time  step  which  is  useful  for  computations 
of  transient  phenomena. 
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C  O  R  U  I  G 


(12) 


CORRIGENDUM 

Author  \V.  C.  Thachcr  has  found  errors  in  the  article,. 
"Iricgular  Grid  Finite  DilTtiencc  Tccliniqucs:  Simula- 
tions of  Oscillations  in  .Sl.Mlow  Circular  Basins"  (./. 
Phys.  Qceaiio^r.,  7,  281-292). 

Eq.  (12)  should  read 

(l-X)[(l+/^OX^-(2-/-)X+i:-»7>^— 0 

^=|Z>(TVA=)(b,p+|:2p) 

Eq.  (13)  should  read 

«i=(l/v3){J[l  +  c.\lj(-?/;;^)]     [scheme  one 

-expCi'(AfVo7)A])J 

fi=lsin(M)[2cos(/;A)  > 

+cos(N'3/A)]lschcinc  two 

1,=  (l/VJ)  cos(;tA)  sin^'3/^)        J 

The  sentence  following  Eq.  (13)  should  road: 

For schcnu  one,  if  /=  0,  then  ! \ K  1  f. t  r ^  A (^'^D) '. 
A  consequence  of  these  chanj^os  is  that  ('—  (2;^Dj't/2A 
can  be  as  great  as  CV2»1.22  for  scheme  one.  Thus 
Wang's  ciiticisni  {J.  J'/;ys.  Occonof^i.,  7,  932)  that  C 
can  be  no  greater  than  276  =  0.24  is  invalid. 


(13) 
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Reply 

W.  C.  Thacker 

Sea-Air  Interaction  Laboratory,  Atlantic  Ocearu) graphic  and  Meteorological  Laboratories,  NOAA,  Miami,  Fla. 

1  August  1977 


Instability  resulting  from  grid  irregularity  can  be 
a  problem  for  both  finite-element  and  finite-difference 
techniques.  In  order  to  demonstrate  this,  the  simula- 
tions of  normal  mode  oscillations  for  circular  basins 
(Thacker,  1977)  have  been  repeated  using  finite- 
element  techniques  similar  to  those  described  by 
Wang  and  Connor  (1975).  The  results  were  the  same 
as  those  obtained  using  irregular  grid  tinite-difTerence 
techniques;  i.e.,  instability  was  highly  evident  when 
grid  one  was  used,  but  computations  using  grid  two, 
which  is  much  smoother,  showed  no  evidence  of 
instability  for  the  duration  of  the  simulation  unless 
the  Coriolis  parameter  was  sufl^ciently  large.  This 
indicates  that  the  nonlinear  instability  to  which  Wang 
refers  is  not  essentially  different  from  that  which 
occurs  in  irregular  grid  linite-dilTerence  computations. 
This  also  indicates  that  the  instabilit\'  has  nothing 
to  do  with  lumped  matrices. 

The  important  point  concerning  instability  is  that, 
so  long  as  the  computations  terminate  in  a  time 
which  is  sl'.ort  in  comparison  with  the  growth  time 
of  the  instability,  the  results  can  be  excellent.  Simula- 
tions of  normal  mode  oscillations  for  circular  basins 
(Thacker,  1977)  indicate  that  the  growth  time  of  the 
instability  for  smoothly  varying  grids  is  greater  than 
50  cycles  of  the  .slowest  oscillation.  For  natural  basins, 


the  corresponding  growth  time  would  be  a  few  weeks. 
Since  the  passage  of  a  hurricane  generall\'  takes  less 
than  a  day,  the  instability  should  not  interfere  with 
the  predictive  modeling  of  storm  surges. 

Finite-element  computations  are  quite  expensive. 
They  require  an  order  of  magnitude  more  computer 
time  than  corresponding  irregular  grid  finite-difference 
computations.  This  is  due  to  the  fact  that  the  piece- 
wise  polynomial  interpolating  functions,  which  are 
intrinsic  to  finite-element  methods,  necessarily  result 
in  time-implicit  discrete  equations  requiring  matrix 
inversicjns  at  each  time  step. 

It  is  possible  to  deviate  from  the  finite-element 
equations  by  using  "lumped  matrices"  to  o!)tain  a 
time-e.xplicit  system.  This  type  of  modification  has 
led  to  inaccuracies  in  eigenvalue  problems,  but  ''see 
Strang  and  Fix,  197.?)  it  does  not  have  to  lead  to 
a  loss  of  accuracy  in  hyperbolic  problems.  Shen  (1977) 
also  recommends  something  like  the  lumped  matrix 
approach  when  he  suggests  that  finite-element  tech- 
niques can  be  useful  for  determining  finite-difference 
formulas  for  spatial  derivatives.  These  formulas  should 
be  similar  to  those  used  in  irregular  grid  finite-dif- 
ference calculations.  In  this  sense  the  lumped  matrix 
approach  is  essentially  an  irregular  grid  finite-dif- 
ference method. 


1216 


934                                       JOURNAL    OF    PHYSICAL    OCEANOGRAPHY  Volume  7 

REFERENCES  Thacker,  W.  C,  1977:  Irregular  grid  finite-difference  techniques: 

„,          „,        ,       ,ny,     T--   •»      1          ^        .u  J    •     a   -J          u  Simulations  of  oscillations  in  shallow  circular  basins.  7.  P/;y5. 

Shen,   Shan-fu,   1977:  Fmite -element  methods  m  fluid  mechan-  7  toA  i  -> 

ics.   Annual   Reviews   0/  Fluid  Mechanics,  Vol.  9,  Annual  Oceanogr.,  7,  284-292. 

Reviews  Inc.  421-445.  Wang,  J.  U.,  and  J.  J.  Connor,  1975:  Mathematical  modeling 

Strang,  G.,  and  G.  J.  Fix,  1973:  An  Analysis  of  the  Finite  Ele-  of  near  coastal  circulation.  Rep.  MITSG  75-13,  MIT  Sea 

menl  Method.  Prentice-Hall  (see  p.  253).  Grant  Program,  272  pp. 


1217 


71 


NOAA  Technical  Report  ERL  386-AOML  27,  9  pages. 

NOAA  Technical  Report  ERL  386-AOML  27 


fJMOSPf. 


"^^^^Erofco^ 


"Shear  Dispersion" 
in  Time-Varying 
Flows 


W.  C.  Thacker 

Atlantic  Oceanographic  and  Meteorological  Laboratories 
Miami,  Florida 


May  1977 


U.S.  DEPARTMENT  OF  COMMERCE 

Juanita  M.  Kreps,  Secretary 

National  Oceanic  and  Atmospheric  Administration 
Richard  A.  Frank,  Administrator 

Environmental  Research  Laboratories 
Wilmot  Hess,  Director 

1218 


Boulder,  Colorado 


CONTENTS 

Pa^e 

Abstnict 1 

1 .  Introduction I 

2.  Closed  Form  Expressions    1 

3.  Parameterization  as  Time-Dependent  Diffusion 5 

4.  Discussion 7 

5.  References ^ 


1219  I 


"Shear  Dispersion"  in 
Time-Varying  Flows 


W.C.  Thacker 


Abstract.  Shear  dispersion  in  time-varying  flows  is  shown  to  be  parameteriz- 
able  as  effective  diffusion  with  a  time-varying  diffusivity.  This  parameteriza- 
tion is  appropriate  only  for  times  long  in  comparison  with  the  cross-shear 
mixmg  time.  High  frequency  variations  of  the  flow  do  not  tontrihute  substan- 
tially to  the  mixing.  Low  frequency  variations  of  the  flow  can  be  accounted  for 
by  simply  allowing  the  parameters  in  the  expression  for  the  effective  diffusivity 
to  take  on  a  time  dependence. 


1.  Introduction 

Previous  discussions  (Bowden,  I9(>5;  Schonfeld,  196],Okub(),  1967)  of 
harmonically  varying  shear  have  concluded  that  high  frequency  time  variations 
do  nor  contribute  substantially  to  the  mixing.  Here  it  is  shown  that,  further- 
more, .1  time-dependent  diffusivity  can  be  introduced  to  parameterize  time- 
dependent  she.ir  dispersion.  A  simple  solvable  model  (Thacker,  1976)  is  used  to 
obtain  closed  form  expressions  for  shear  dispersion  w  ith  arbitrary  time  depend- 
ence. 

2.  Closed  Form  Expressions 

She.ir  dispersion  is  mixing  due  to  the  combined  effects  of  velocity  shear  and 
cross-shear  mi\ing.  A  simple  model,  which  views  the  shear  as  a  flow  consisting 
of  two  layers  of  fluid  moving  in  opposite  ilirections  with  velocities  ±//and  with 
mixing  of  contaminant  between  the  layers  at  a  rate  «,  cm  be  expressed  by  the 
et]uations 
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^ 


and 


—  +u  —  =  -a(Q-C2)  +  Si 
dt  dx 


0C2  0C2 

—  -  u  —  =  -a(C2-Ci)  +  ^2 
dt  dx 


y  ■ 


(1) 


where  C]  (x,t)andC2  (x,/)  are  distributions  of  contaminant  in  the  two  layers,  and 
Si  (xj)  and  ^"2  (x,t)  are  sources  of  contaminant.  Uu  and  a  do  not  vary  in  time, 
thenC==  V2  (C1  +  C2)  is  well  approximated  by  the  solution  of  a  diffusion  equation 
with  effective  diffusivity  given  by  K*=u~/2a  (Thacker,  1976).  It  will  be 
shown  that  the  same  is  true  even  i( u  and  a  depend  upon  time. 

For  the  case  of  time-independent  flow,  where  A'  and  a  are  not  functions  of 
time,  closed  form  solutions  for  C  =  V^(Ci  +  C2)  and  ^C  —  ViiCi—Co)  can  be 
obtained  in  terms  of  a  Green's  function. 


Gu.a  (x,t)'- 


iat) 


2_ 


ax 


I  \x  \  <ut  and  />0 


(2) 


The  matrix  notation, 


C 


\ 


S  = 


^s 


J 


dt 


-  +  2a 


dx 


(3) 


allows  the  solution  to(l)  for  arbitrary  initial  conditions  C(x,/  —  0)  and  sources  of 
contaminant  S{x,t)  to  be  expressed  compactly  as 


C{x,()=\     "rf'.x-'   [^/"'^„.„(x-x',/-/')5(x',/')+   I    "^c/x'^S,,,,,  (x-x',t)C{x'j  =  0).      (4) 


Equation  (4)  can  be  shown  to  be  valid  even  when  //  and  a  are  functions  of 
time.   In  this  case,  the  matrix  Green's  function  is  given  by 


^u(t),a(ni>^,0  =limit  n  Jx,  ^i/.,Q,.(xi,— )8(x-  Z  Xf) 


N-^^ 


/'"(      "N 


r=  1 


(5) 


The  matrices  '^u-<a-  ^^^  the  matrix  Green's  functions  that  govern  the  solution  in 
i^^  time  interval,  from  (/  — l)//Nto  it/N  in  which  the  parameters  have  the 
approximately  constant  values  a,  and/^,.  It  is  important  that  the  matrix  Green's 
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functions  *^«.,u.  are  arranged  for  multiplication  with  the  index  /  decreasing  to 
the  right  because  they  do  not  commute.  Thus,  *^„(n,a(n  is  the  N-fold  convolu- 
tion of  the  Green's  function  for  each  of  N  time  intervals  composing  the  total 
interval  from  0  to  /.  In  the  limit,  N  goes  to  infinity,  so  that  this  is  an  infinite 
convolution. 

This  infinite  convolution  is  difficult  to  evaluate.  However,  it  is  possible  to 
obtain  closed  form  expressions  for  the  moments  (X")  of  the  mean  contaminant 
distribution  C(.v,/)  for  arbitrary  functions  Qt(/)  and //(/).  The  Fourier  transform  of 
C(.v./)  is  the  generating  function  for  these  moments.  Equation  (4)  expresses 
C(.xJ)  in  terms  of  convolution  of  initial  conditions  and  sources  with  '^u(t),a(t)i 
which  in  turn  is  an  infinite  convolution.  Since  the  Fourier  transform  of  a 
convolution  is  a  product,  the  problem  is  reduced  to  an  easier  one  of  evaluating  an 
infinite  product. 


The  Fourier  transform  of  ^„(n.  »(i)  is  given  by 


a,t 

N    "17 

r„(r).„(„  {k.J)=  limit     11  e 


Hit  ,  a,    .    iljt 

COS —  +  —  sin  — 

N    n,     N 


.,»i  .  n,-/ 

■ik. —  sin  — 


—tk —  sin  — 


[lit     a,    .    Hit 

cos —  —  —  sm  — 
N      Cli        N 


,(6) 


where  fti=(//,^y^''^— a,^)^.  The  moments  of  the  distribution  can  be  obtained  by 
multiplying  moment  matrices,  which  are  generated  according  to 


1  \"d 


(^")=  (-)  ^«'^«<"-««">  ^^''^ 


(7) 


k  =  0 


with  the  Fourier  transform  of  the  initial  distribution,  if  there  are  no  sources. 
The  first  few  moment  matrices  are  found  to  be 
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Consider  the  case  of  initially  localized  distributions,  C(x,/=  0)  =  8(.v)and 
HiCixJ  =  0)  =  /38(.v),  I  )8  I  ^  1.  If /3  =  0,  the  contaminant  is  initially  distri- 
buted equally  between  the  two  layers;  if/3=  ±  1,  it  lies  entirely  within  one  of  the 
two  layers.  Also,  suppose  that  there  are  no  continuous  sources  of  contaminant 
S{x,t)  =  ^S{x,t)  =  Q.   Then  the  first  few  moments  of  C(x,/), 


are  given  by 


{^"^dx  x"  C{xj), 


(-') 
{-') 


-2      dt"aU") 


/3  {'  dt'uit')  exp 
■'o 


=  2\'  dt'\^  dt"u{t')u{t")exp 
Jo         JO 
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•2|  ^dt'"  «(/'") 


(9) 


(10) 
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These  moments  can  be  evaluated  for  arbitrary  time  dependence  of  the  shear 
and  mixing.  The  zeroth  moment  indicates  that  the  total  amount  of  contaminant 
is  constant  in  time,  regardless  of  variations  of  the  flow.  The  first  moment 
indicates  that  there  is  a  horizontal  asymmetry  only  if  initially  there  is  a  vertical 
asymmetry.  However,  the  magnitude  of  the  horizontal  asymmetry  depends 
upon  the  time  dependence  of  the  flow  parameters,  u  and  a.  The  second  moment 
measures  the  square  of  the  width  of  the  distribution. 


3.     Parameterization  as  Time- Dependent  Diffusion 


A  diffusion  process  with  time-dependent  diffusivity  ^C*(/)  would  yield  the 
moments 


(-") 
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x'\  =  0 


> 


,2\    _ 


2    dt'K*{t') 


(11) 


^0  J 

Comparison  of  the  second  moment  in  ( 10)  with  that  in  ( 1 1),  shows  that  in  some 
sense  the  expression 


/(/)  =  u{t)[dt'u(t')txp 
■'o 


■21  dt"a{t") 
h' 


(12) 


must  approach  K*  (/)  if  the  time-dependent  shear  effect  is  to  behave  like 
time-dependent  diffusion.  This  becomes  more  clear  after  consideration  of  the 
following  cases  for  different  time  dependencies  of  u  and  a. 


Case  One.  In  the  case  of  no  time  dependence,  where//  and  a  are  constant, 
2a 
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2od\ 


-2at 
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A0=  ^(1 
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-  e-^"' 


(13) 
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The  time  dependence  of/ should  not  be  interpreted  as  time-dependent  diffu- 
sion. Shear  dispersion,  for  this  case,  can  be  parameterized  as  diffusion  only  for 
times  long  in  comparison  with  the  cross-shear  mixing  time;  i.e. ,  o;/  »  1.  In  this 


limit /C*=/= 


2a' 


.v^)  = 


2(//V2a)/,  and  {x'^}»{xf  (Thacker,   1976). 
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Case  Two.    In    the   case   of  harmonically   varying   shear,    with  u{i)  — 
Uft  cos(27r//T),  and  constant  a, 
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Each  expression  contains  a  factor/?,  which  indicates  that  high  frequency  shear 
does  not  contribute  to  the  dispersion,  since/?— ^0  as  aT-^0.  This  result  was  also 
found  by  Schonfeld  (1961)  for  this  model  and  by  Okubo  (1967)  for  another 
harmonic  shear  flow.  The  expressions  that  should  be  compared  with  time- 
dependent  diffusion  are  those  valid  in  the  long  time  limit  at»  1.  With  R=  I, 
these  expressions  are 


^ 
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(15) 
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Thus,  low  frequency  harmonic  shear  can  be  parameterized  as  time-dependent 
diffusion  with  K*  =  \u{t)^l2a. 

Schonfeld  ( 1961),  Bowden  ( 1965),  and  Okubo  ( 1967)  have  attempted  to 
describe  harmonic  shear  as  time-independent  diffusion.  They  obtained  a  diffu- 
sion coefficient  given  by  (l/T)F^C*  (/)  dt,  the  time  average  of/<^*  (/)  over  one 
cycle  of  the  shear.  This  yields  the  same  result  for  {x^)  in  the  diffusion  limit,  but 
does  not  allow  for  generalization  from  harmonic  shear  to  arbitrary  shear. 

Case  Three.  The  question  remains  of  how  the  diffusivity  should  be 
parameterized  for  the  general  case  in  which  the  shear  and  mixing  vary  arbitrarily 
in  time.   The  answer  should  be  obtainable  by  analyzing  equation  (12).   This 
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analysis  is  difficult  because  ar  any  point  in  time  there  are  three  time  scales  that 
must  he  considered:  the  inverse  of  the  mixing  rate,  /)  =  q;~';  the  time  over  which 
the  mixini^  varies,  t-i  —  oc/icia/dt);  and  the  time  over  which  the  shear  varies, 
t-^=u lidu I dt).  On  the  basis  of  the  results  for  cases  one  and  two  and  the 
discussion  of  Thacker  ( 1976),  it  seems  reasonable  that  the  result  of  the  analysis 
for  the  general  case  should  be 

/C*=LJ^  (16) 

2a(/) 

for  t2»t\  and  /;{»/j . 

4.     Discussion 

The  result  presented  here  is  that  shear  dispersion  can  be  parameterized  as 
enhanced  diffusion  along  the  shear  even  for  time-dependent  flows,  so  long  as 
sufficient  time  has  elapsed  for  the  cross-shear  mixing  to  take  place.  This  is  an 
extension  of  a  previous  time-independent  analysis  (Thacker,  1976).  All  of  the 
conclusions  from  that  analysis  should  also  apply  for  the  time-dependent  case. 
First,  the  diffusion  parameterization  of  the  mixing  should  be  used  when  the 
details  of  the  shear  are  not  resolved.  This  is  equivalent  to  ignoring  variations  in 
times  shorter  than  the  time  required  to  mix  contaminant  across  the  shear  and  to 
ignoring  variations  along  the  shear  in  distances  shorter  than  the  distance  over 
which  the  shear  stretches  the  contaminant  in  the  cross-shear  mixing  time. 
Second,  the  effect  of  turbulent  mixing  can  be  accounted  for  simply  by  adding  the 
turbulent  eddy  diffusivity  to  the  diffusivity  that  parameterizes  the  shear  disper- 
sion. Finally,  a  more  sophisticated  description  of  the  shear  flow,  such  as  that 
discussed  by  Bowden  (1965),  would  lead  to  a  more  complicated,  and  perhaps 
more  accurate,  prescription  for  relating  the  effective  diffusivity  parameter  to  the 
shear  flow.  However,  the  result  found  here  should  also  hold  for  more  sophisti- 
cated descriptions  of  the  shear  flow.  The  time-dependent  diffusivity  can  be 
obtained  from  the  expression  for  the  time-independent  diffusivity  simply  by 
allowing  the  flow  parameters  in  that  expression  to  vary  in  time. 
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Kinematical  effects  which  hinder  settling  are  due  to  the  upward  return  flow  of  the  fluid  and   to  the 
influence  of  the  sediment  on  the  hydrostatic  pressure.   Dynamical  effects  of  increased  drag  must  be 
accounted  for  with  a  nonlinear  drag  force  law. 


Hindered  settling  is  a  term  used  to  designate  the  de- 
crease in  the  fall  velocity  of  sediment  in  suspension  re- 
sulting from  an  increase  in  sediment  concentration. 
This  effect  can  be  attributed  to  the  counterflow  of  the 
suspending  fluid  upward  through  the  falling  sediment. 
There  are  three  distinct  contributions  to  the  hindering. 
The  first  is  simply  the  retardation  that  a  single  particle 
of  sediment  would  experience  in  a  similar  upward  flow. 
The  second  is  due  to  the  partitioning  of  the  gravitational, 
drag,  and  pressure  forces  between  the  sediment  and  the 
suspending  fluid.    These  two  contributions  are  kinemati- 
cal in  nature.    The  third,  which  is  dynamical,  is  due  to 
the  modification  of  the  flow  field  in  the  vicinity  of  the 
sediment  particles  when  other  particles  are  nearby. 

Maude  and  Whitmore'  argue  that  the  fall  velocity 
should  be  diminished  from  that  of  a  single  particle  by  a 
factor  (1  -  C)",  where  C  is  the  volume  fraction  of  sedi- 
ment in  suspension.    The  value  of  the  exponent,   a,  was 
determined  to  be  in  the  range  4-9  by  comparision  with 
data.     More  recently,  Batchelor^  calculated  for  small 
C  a  hindering  factor,   1-6.  55  C,  starting  with  the  results 
of  Goldman  etal. ,'  and  Stimson  and  Jeffery*  for  the  mo- 
tion of  two  falling  spheres  and  averaging  over  the  distri- 
bution of  sediment  particles.    However,  little  has  been 
done  treating  hindered  settling  as  an  aspect  of  two- 
phase  flow.    Soo^  does  discuss  batch  settling  from  this 
point  of  view,  but  he  does  not  discuss  hindered  settling 
per  se. 

The  purpose  of  this  note  is  to  point  out  that  the  two- 
phase  flow  equations,  which  involve  the  average  volume 


fractions  and  average  velocities  of  the  sediment  and  of 
the  suspending  fluid,  are  ideally  suited  for  dealing  with 
hindered  settling.    They  yield  results  which  reduce  to 
Stokes'  law  in  the  limit  of  low  concentration.    They  also 
allow  kinematical  hindering  effects  to  be  separated  from 
dynamical  effects.    The  dynamical  hindering  is  attributed 
to  increased  drag  due  to  turbulence  which  might  develop 
in  the  counterflow  and  to  fluctuating  forces  on  the  par- 
ticles due  to  the  necessarily  asymmetric  and  varying 
flow  around  the  particles. 

If  C  is  the  volume  fraction  of  sediment  in  suspension, 
then  1  -  C  is  the  volume  fraction  of  the  suspending  fluid. 
Each  must  obey  its  own  continuity  equation. 

8C/a/  +  V.(ViC)  =  0  (1) 


and 


^il^.V.[v3(l-C)]  =  0, 


(2) 


where  Vi  and  v^  ^^^  'he  velocities  of  the  sediment  and  the 
suspending  fluid,  respectively.    These  two  equations  can 
be  added  to  obtain  the  incompressibility  condition  for 
two -phase  flow. 


V-[viC  +  V2(l  -C)1=0. 


(3) 


Momentum  equations  for  each  phase  must  also  be  sat- 
isfied, 


P,  \jj  (ViC)  +  \7  •  (v,ViC)j=  -PiC/?^  -CVp-D 


(4) 
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and 


and 


=  -p^{l-C)ffk-{l-C)Vp  +  D. 


(5) 


The  density  of  the  mixture  is  p^C  +  Pz(l  -  C),  where  p, 
and  p2  are  the  densities  of  the  sediment  and  fluid  phases, 
respectively,   so  the  gravitational  force  on  the  mixture 
is  -  [piC  +  P2(l  -  C)]gk,  where  g  is  the  acceleration  of 
gravity  and  I  is  a  unit  vector  in  the  direction  of  the  ver- 
tical.   In  Eqs.   (4)  and  (5),  the  gravitational  force  is  par- 
titioned according  to  the  mass  fraction  of  the  phases. 
The  pressure  force,   Vp,   is  partitioned  according  to  the 
volume  fractions.    The  drag  force,  D,  of  the  suspending 
fluid  on  the  sediment  is  equal  and  opposite  to  that  of  the 
sediment  on  the  suspending  fluid. 

The  drag  force  should  depend  on  the  relative  velocity, 
^1  "Vj,  on  the  sediment  concentration,   C,  and  on  the 
size  and  shape  of  the  sediment  particles.    The  usual  as- 
sumption is  that 


D  =  DoiVy  -  Va.)  C, 


(6) 


where  D^  is  a  constant.    The  factor,   C,  is  kinematical, 
expressing  the  fact  that  the  number  of  particles  experi- 
encing the  drag  increases  with  increasing  concentration, 
not  that  the  force  per  particle  increases.    The  linear  de- 
pendence on  the  relative  velocity  is  equivalent  to  Stokes' 
law  and  should  be  expected  to  be  valid  for  small  particle 
Reynolds  numbers.     For  D^  =  9n/2r',  where  n  is  the 
viscosity  and  r  is  the  radius  of  the  particles,  it  will  be 
shown  that  (6)  does  yield  Stokes'  law  in  the  limit  of  low 
concentration.    Even  in  this  low  concentration  limit,   (6) 
should  be  modified  if  the  particle  Reynolds  number  is 
large  enough  so  that  turbulence  develops.    Furthermore, 
this  force  law  will  likely  need  to  be  modified  with  in- 
creasing concentration  to  account  for  turbulence  which 
might  develop  in  high  shear  regions  of  the  counterflow 
around  the  particles  or  to  account  for  increased  drag 
due  to  fluctuating  hydrodynamic  forces  acting  on  the  par- 
ticles as  they  fall. 

The  situation  considered  here  is  that  of  a  horizontally 
homogeneous  distribution  of  sediment  particles  falling 
through  a  suspending  fluid.    If  the  distribution  were  not 
homogeneous,  there  would  likely  be  a  return  flow  in  re- 
gions of  low  sediment  concentration,  not  the  counterflow 
through  the  sediment  leading  to  hindered  settling.    Pro- 
cesses such  as  settling  convection^  are  not  considered 
here. 

This  homogeneity  assumption  simplifies  the  governing 
equations.     The  horizontal  components  of  the  velocities 
can  be  neglected,  and  only  the  vertical  components,   Wy 
and  W2,  need  to  be  considered.    The  incompressibility 
condition  (3)  gives  a  relationship  between  them, ' 

M^  =  -[C/(1 -C)]m)i.  (7) 

When  the  sediment  is  falling  at  terminal  velocity,  the 
acceleration  terms  in  the  momentum  equations  (4)  and 
(5)  can  be  neglected,  giving 


0  =  -p2(l  -C)g-(l  -C){6p/dz)  +  D. 


(9) 


Equations  (8)  and  (9)  express  the  balance  of  forces  on 
the  sediment  and  on  the  suspending  fluid,  respectively. 
Adding  these  equations  results  in  the  force  balance  for 
the  mixture, 


0=-[p,C  +  P2(l  -C)]fy-dp/9z, 


(10) 


which  is  hydrostatic.    Equation  (10)  can  be  used  to  elim- 
inate the  pressure  gradient  in  (8)  or  (9), 


0  = 


(Pi-P2)gC{l-C)-D. 


(11) 


The  resultant  of  the  gravitational  and  pressure  forces 
depends  upon  the  buoyancy  factor,   (Pi-Pz)^,  as  ex- 
pected.   The  factors  depending  on  the  concentration  are 
due  to  the  effect  of  the  sediment  on  the  pressure  field. 

If  the  drag  force  in  (11)  is  given  by  Z)  =  £)(,(m),  -  w^)  C, 
as  in  Eq.  (6),  and  the  relative  velocity  by  u\  ~  w^-w-^l 
(1  -  C)  from  (7),  then  Eq.  (11)  yields  an  expression  for 
the  fall  velocity, 


«'i  =  -[(Pi-P2)^/^o](l-C)' 


(12) 


0  =  -PiC;?--C(3/)/82)-D 


(8) 


In  the  limit,   C  =  0,   (12)  should  give  the  fall  velocity  of 
a  single  particle.    Indeed,  with  Dp  =  9)i/2r^,   (12)  reduces 
to  Stokes'  law. 

For  C*0,  the  factor  (1  -  cf  accounts  for  kinematical 
hindering  of  the  fall  velocity.    This  factor  is  due  to  the 
dependence  of  the  counter  flow  on  the  concentration  and 
to  the  effect  of  the  concentration  on  the  pressure  field. 

Because  the  kinematical  hindering  is  not  sufficient  to 
account  for  the  hindering  factor  (1  -  C)",  with  a  in  the 
range  4-9,  found  in  the  data  study  by  Maude  and  Whit- 
more,  '  the  force  law  given  in  Eq.  (6)  needs  to  be  modi- 
fied for  the  conditions  considered  here.    A  new  force  law 
is  not  suggested  because  there  are  two  effects  which 
cannot  be  separated.    One  is  the  simple  effect  of  de- 
creasing the  distance  between  particles  with  increasing 
concentration.    This  should  be  incorporated  in  D  as  a 
dependence  on  C  in  addition  to  the  kinematical  factor  al- 
ready given  in  Eq.   (6).     For  example,   the  Ergun  and 
Orning  relation^  for  large  C,   D^  =  75mC/2(1  -  Cf  r^  might 
be  used.    The  other  is  the  effect  of  increasing  the  coun- 
terflow velocity  with  increasing  C,   which  is  particular  to 
this  case  of  hindered  settling.    This  should  be  incorpo- 
rated in  D  as  some  dependence  on  Vi  -Vj  other  than  lin- 
ear. 

The  dynamical  hindering  depends  upon  the  nature  of 
the  counterflow.    For  increasing  concentration,   it  be- 
comes increasingly  convoluted  as  it  flows  through  the 
ensemble  of  falling  particles.    The  turbulence  that  is 
likely  to  develop  and  random  forces  felt  by  the  particles 
due  to  the  asymmetries  in  the  flow  field  can  serve  to  in- 
crease the  drag  force  per  particle,  giving  dynamical 
hindering. 

This  separation  of  kinematical  and  dynamical  effects 
clarifies  the  question  of  whether  hindered  settling  effects 
should  be  accounted  for  explicitly  in  other  flow  situa- 
tions.   Because  the  kinematical  effects  arise  naturally 
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